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ABSTRACT

We present simulation results of a gradual solar energetic particle (SEP) event detected on 2021

October 9 by multiple spacecraft, including BepiColombo (Bepi) and near-Earth spacecraft such as

the Advanced Composition Explorer (ACE). A peculiarity of this event is that the presence of a high

speed stream (HSS) affected the low-energy ion component (. 5 MeV) of the gradual SEP event at

both Bepi and ACE, despite the HSS having only a modest solar wind speed increase. Using the

EUHFORIA (European Heliospheric FORecasting Information Asset) magnetohydrodynamic model,

we replicate the solar wind during the event and the coronal mass ejection (CME) that generated

it. We then combine these results with the energetic particle transport model PARADISE (PArticle

Radiation Asset Directed at Interplanetary Space Exploration). We find that the structure of the

CME-driven shock was affected by the non-uniform solar wind, especially near the HSS, resulting in a

shock wavefront with strong variations in its properties such as its compression ratio and obliquity. By

scaling the emission of energetic particles from the shock to the solar wind compression at the shock,

an excellent match between the PARADISE simulation and in-situ measurements of . 5 MeV ions is

obtained. Our modelling shows that the intricate intensity variations observed at both ACE and Bepi

were influenced by the non-uniform emission of energetic particles from the deformed shock wave and

demonstrates the influence of even modest background solar wind structures on the development of

SEP events.

Keywords: Solar energetic particles (1491), Solar coronal mass ejections (310), Solar wind (1534),

Interplanetary shocks(829)
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ABSTRACT

Mercury is the closest planet to the Sun, possesses a weak intrinsic magnetic field and has only a very

tenuous atmosphere (exosphere). These three conditions result in a direct coupling between the plasma

emitted from the Sun (namely the solar wind) and Mercury’s surface. The planet’s magnetic field leads

to a non-trivial pattern of plasma precipitation onto the surface, that is expected to contribute to the

alteration of the regolith over geological time scales. The goal of this work is to study the solar

wind plasma precipitation onto the surface of Mercury from a geographical perspective, as opposed

to the local-time-of-day approach of previous precipitation modeling studies. We employ solar wind

precipitation maps for protons and electrons from two fully-kinetic numerical simulations of Mercury’s

plasma environment. These maps are then integrated over two full Mercury orbits (176 Earth days).

We found that the plasma precipitation pattern at the surface is most strongly affected by the upstream

solar wind conditions, particularly by the interplanetary magnetic field direction, and less by Mercury’s

3:2 spin-orbit resonance. We also found that Mercury’s magnetic field is able to shield the surface from

roughly 90% of the incoming solar wind flux. At the surface, protons have a broad energy distribution

from below 500 eV to more than 1.5 keV; while electrons are mostly found in the range 0.1-4 keV.

These results will help to better constrain space weathering and exosphere source processes at Mercury,

as well as to interpret observations by the ongoing ESA/JAXA BepiColombo mission.

1. INTRODUCTION

Mercury is the only telluric solar system planet, other than Earth, with an intrinsic magnetic field (Ogilvie et al.

1974). Mercury’s magnetic field shapes the interaction between the planet’s surface and the surrounding solar wind —

a turbulent, supersonic, and magnetized plasma flowing outward from the Sun (Meyer-Vernet 2007). The interaction

between Mercury’s magnetic field and the solar wind is a crucial part of the global Hermean environment, both shape

and evolution. This is a result of the planet’s proximity to the Sun (0.31 AU at perihelion and 0.47 AU at aphelion)

and its relatively weak magnetic field (around 200 nT at the surface).

The interaction between the solar wind and Mercury’s magnetic field determines the precipitation of solar wind

protons and electrons onto the planet’s surface, through a complex series of coupled local processes. On the dayside,

the presence of a bow shock in front of the planet along with magnetic reconnection in the magnetopause determines

the pattern and energy of precipitating plasma; while on the nightside, the precipitating plasma is mostly affected

by magnetic reconnection and the magnetic field configuration in the tail. On the dayside, downstream of the bow

shock (in the so-called magnetosheat), the plasma density, temperature and magnetic field increases while the plasma

bulk velocity decreases. This slowdown leads to an order of magnitude reduction in the proton kinetic energy, which

still dominates over the thermal energy component in the total energy of the protons. This differs with respect to the
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Synthesis of elements in compact stars in pycnonuclear reactions with Carbon

isotopes: Quasibound states versus states of zero-points vibrations
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(1) Purpose: Conditions of formation of compound nuclear system needed for synthesis of
heavy nuclei in pycnonuclear reactions in compact stars are studied on a quantum mechanical basis.
(2) Methods: Method of multiple internal reflections is generalized for pycnoreactions in compact
stars with new calculations of quasibound spectra and spectra of zero-point vibrations. (3) Results:
Peculiarities of the method are analyzed for reaction with isotopes of Carbon. The developed method
takes into account continuity and conservation of quantum flux (describing pycnonuclear reaction)
inside the full spacial region of reaction including nuclear region. This gives appearance of new
states (called as quasibound states), in which compound nuclear systems of Magnesium are formed
with the largest probability. These states have not been studied yet in synthesis of elements in stars.
Energy spectra of zero-point vibrations and spectra of quasibound states are estimated with high
precision for reactions with isotopes of Carbon. At the first time influence of plasma screening on
quasibound states and states of zero-point vibrations in pycnonuclear reactions has been studied.
(4) Conclusion: The probability of formation of compound nuclear system in quasibound states in
pycnonuclear reaction is essentially larger than the probability of formation of this system in states of
zero-point vibrations studied by Zel’dovich and followers. So, synthesis of Magnesium from isotopes
of Carbon is more probable through the quasibound states than through the states of zero-point
vibrations in compact stars. Energy spectra of zero-point vibrations are changed essentially after
taking plasma screening into account. Analysis shows that from all studied isotopes of Magnesium
only 24Mg is stable after synthesis at energy of relative motion of 4.881 MeV of incident nuclei 12C.

Keywords: pycnonuclear reaction, compact star, neutron star, multiple internal refleclections, coefficients

of penetrability and reflection, fusion, quasibound state, energy of zero-point vibrations, compound nucleus,

dense nuclear matter, tunneling

I. INTRODUCTION

Pycnonuclear burning occurs in dense and cold cores of white dwarfs [1] and crusts of accreting neutron stars [2, 3].
Such a phenomenon known as pycnonuclear reaction [4] is reaction at sufficiently high densities in stars where zero-
point vibrations of nuclei in the lattice sites leads to an essential increasing rate of formation of more heavy nuclei.
Insight to this phenomenon was given by Zel’dovich who estimated zero-point energy as in the ground state of discrete
energy spectrum of the harmonic oscillator potential which is formed near middle point between two nuclei in lattice
sites [5]. Rates of reactions derived at such zero-point energies are estimated for some atomic nuclei in lattices in
compact stars [6].
Key process in pycnonuclear reactions is fusion of nuclei producing new nucleus with larger mass. In Ref. [7] this

question was analyzed for reactions with nuclei of different charges and masses, where authors derived the astro-
physical S-factors for carbon-oxygen and oxygen-oxygen fusion reactions on the microscopic basis. Phenomenological
expressions for reaction rates containing several fit parameters were found. In Ref. [8] the astrophysical S-factors were
derived for 946 fusion reactions involving stable and neutron-rich isotopes of C, O, Ne, and Mg for center-of-mass
energies from 2 to ≈ 18–30 MeV. Results in that paper can be converted to thermonuclear or pycnonuclear reaction
rates to simulate stellar burning at high temperatures and nucleosynthesis in high density environments. Large col-
lection of astrophysical S factors and their compact representation for isotopes of Be, B, C, N, O, F, Ne, Na, Mg,
and Si were presented in Ref. [9]. Database of S factors was created for about 5000 nonresonant fusion reactions in
those researches. Structure of the multi-component matter (a regular lattice, a uniform mix, etc.) in these reactions,
plasma screening [10], rates of reactions in a wide range of temperatures and stellar densities [7, 11] have been studied
by many researchers.
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Unimodular Proca Theory: Breaking the U(1) gauge symmetry of unimodular gravity

via a mass term
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We study the Hamiltonian structure of unimodular-like theories, where the cosmological constant
(or other supposed constants of nature) are demoted from fixed parameters to classical constants
of motion. No new local degrees of freedom are present as a result of a U(1) gauge invariance
of the theory. Hamiltonian analysis of the action reveals that the only possible gauge fixing that
can be enforced is setting the spatial components of the four-volume time vector T

i
≈ 0. As a

consequence of this, the gauge-fixed unimodular path integral is equivalent to the minisuperspace
unimodular path integral. However, should we break the U(1) gauge invariance, two things happen:
a massless propagating degree of freedom appears, and the (gauge-invariant) zero-mode receives
modified dynamics. The implications are investigated, with the phenomenology depending crucially
on the target “constant”.

I. INTRODUCTION

Ever since General Relativity was proposed, a question
has been hanging over the theory, as posed by Einstein
himself [1]: should diffeomorphisms be restricted to vol-
ume preserving ones? If so, this assumption leads to the
so-called “unimodular” theory of gravity, and this was
one of the first attempts at grand-unification. Later it
was found that unimodular gravity demotes the cosmo-
logical constant from a fixed pre-given parameter to a
constant of motion [2–8], leading to considerable ambi-
guity [2–4, 11] over whether this resolves, ameliorates or
simply does nothing to solve the cosmological constant
problem [12, 13].
Possibly the cleanest formulation of unimodular grav-

ity is due to Henneaux and Teitelboim (HT) [3], who
eschew the restriction of fixed volume for the diffeomor-
phisms in favour of a Lagrange multiplier density T µ en-
forcing the on-shell constancy of Λ (preserving full diffeo-
morphism invariance). This density can be used to build
a physical definition of time, which on-shell becomes “4-
volume time” [7, 8, 15, 16]. The HT procedure can be
used as a blueprint for turning other parameters into con-
stants of motion [17, 18], such as the Planck mass or the
gravitational coupling, with alternative conjugate time
variables, such as the Ricci or the matter times, respec-
tively.
Unimodular gravity does not introduce new local de-

grees of freedom, even though it does introduce a global
one. The reason for this is a U(1) gauge-invariance of
the theory (first noted by [3], and with several reformula-
tions which we review in Section III). As the Hamiltonian
analysis in Section IV will show, this induces constraints
which always work to subtract from the phase space any
new local degrees of freedom, whatever formulation one
chooses. This is also evident in the path integral formu-

∗ ri221@imperial.ac.uk; j.magueijo@imperial.ac.uk

lation (Section V).
But if we break the U(1) gauge-invariance, for exam-

ple, via a Proca mass term (as done for electromagnetism
in Maxwell-Proca theory), this releases a new local par-
ticle, as we show in this paper. We first do this in Sec-
tion VI by explicitly evaluating the equations of motion
and their solutions. These can be split into a revised
zero-mode equation (producing a time-varying Lambda,
instead of the ususal on-shell constant, and a corrected
conjugate relational time) together with a propagating
massless mode. The associated phenomenology is not
ideal, at least for the simplest models (as we discuss in
Section IX), but the purpose of this paper is to illustrate
the concept, rather than to fine-tune the phenomenol-
ogy. Also the observational implications do depend on
the target constant.
In this paper we shall use signature −+++ (important

for defining the sign of the Proca term) and use units
such that ~ = c = 1 (relevant for evaluating the mass
dimensions of the Proca coupling).

II. THE HT FORMULATION OF

UNIMODULAR THEORY

In the HT formulation of unimodular theory full dif-
feomorphism invariance is preserved, but one adds to the
base action S0 an additional term:

S0 → S = S0 + SU ≡ S0 −
∫

d4xΛ(∂µT µ). (1)

Here T µ is a density, so that the added term is diffeo-
morphism invariant without using the metric or the con-
nection. Since these do not appear in the new term, the
Einstein equations (and other field equations) are left un-
changed. In standard HT, given that S0 does not depend
on T µ, one gets on-shell constancy of Λ. Note the gauge
symmetry [3]:

T µ → T µ + ǫµ with ∂µǫ
µ = 0, (2)

http://arxiv.org/abs/2305.09380v1
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On mean elements in artificial satellite theory*

Martin Lara

February 13, 2023

Abstract

The merits of a perturbation theory based on a mean to osculating trans-
formation that is pure periodic in the fast angle are investigated. The exact
separation of the purely short-period effects of the perturbed Keplerian dy-
namics from the long-period mean frequencies is achieved by a non-canonical
transformation, which, therefore, cannot be computed by Hamiltonian meth-
ods. For this case, the evolution of the mean elements strictly adheres to the
average behavior of the osculating orbit. However, due to the inescapable
truncation of perturbation solutions, the fact that this theory confines the
long-period variations of the semimajor axis into the mean variation equa-
tions, how tiny they may be, can have adverse effects in the accuracy of
long-term semi-analytic propagations based on it.

1 Introduction

Mean elements are useful in a variety of aerospace engineering tasks, like maneu-
ver design or fast orbit propagation. They are roughly understood as the result of an
averaging process whose aim is to isolate the long trend variations of the osculat-
ing orbit, which are modulated with short period fluctuations. While the averaging
ensues from a particular transformation of variables it happens that different trans-
formations can be chosen. Therefore, the “mean elements” terminology is loosely
used with the meaning of elements that are free from short-period effects, a vague
definition that may cause confusion in the implementation and use of available per-
turbation solutions in the literature —refer to the caveats in [1], pp. 616, 690, and
695.

Ideally, the transformation from mean to osculating elements should be pure
periodic in the mean anomaly, so that the mean elements comprise all the sec-
ular and long-period variations of the osculating orbit. But this is not often the

*Submitted to Celestial Mechanics and Dynamical Astronomy
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Quasinormal modes and grey-body factors of regular black holes with a scalar hair

from the Effective Field Theory

R. A. Konoplya1, ∗

1Institute of Physics and Research Centre of Theoretical Physics and Astrophysics,

Faculty of Philosophy and Science, Silesian University in Opava, CZ-746 01 Opava, Czech Republic

The Effective Field Theory (EFT) of perturbations on an arbitrary background geometry with a
timelike scalar profile has been recently constructed in the context of scalar-tensor theories. Unlike
General Relativity, the regular Hayward metric is realized as an exact background metric in the
Effective Field Theory with timelike scalar profile without resorting to special matter field, such as
nonlinear electrodynamics. The fundamental quasinormal mode for axial graviational perturbations
of this black hole has been considered recently with the help of various methods. Here we make a
further step in this direction and find that, unlike the fundamental mode, a few first overtones deviate
from their Schwarzschild limit at a much higher rate. This outburst of overtones occurs because the
overtones are extremely sensitive to the least change of the near- horizon geometry. The analytical
formula for quasinormal modes is obtained in the eikonal regime. In addition, we calculated grey-
body factors and showed that regular Hayward black hole with a scalar hair has smaller grey-body
factor than the Schwarzschild one. Integration of the wave-like equation in time-domain shows
that the power-law tails following the ring-down phase at late times are indistinguishable from the
Schwarzschild ones.

PACS numbers: 04.50.Kd,04.70.-s
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ABSTRACT

We offer a survey of the matter-antimatter evolution within the primordial Universe. While the
origin of the tiny matter-antimatter asymmetry has remained one of the big questions in modern
cosmology, antimatter itself has played a large role for much of the Universe’s early history. In our
study of the evolution of the Universe we adopt the position of the standard model Λ-CDM Universe
implementing the known baryonic asymmetry. We present the composition of the Universe across
its temperature history while emphasizing the epochs where antimatter content is essential to our
understanding. Special topics we address include the heavy quarks in quark-gluon plasma (QGP),
the creation of matter from QGP, the free-streaming of the neutrinos, the vanishing of the muons,
the magnetism in the electron-positron cosmos, and a better understanding of the environment of
the Big Bang Nucleosynthesis (BBN) producing the light elements. We suggest but do not explore
further that the methods used in exploring the early Universe may also provide new insights in the
study of exotic stellar cores, magnetars, as well as gamma-ray burst (GRB) events. We describe
future investigations required in pushing known physics to its extremes in the unique laboratory of
the matter-antimatter early Universe.

Keywords Particles, Plasmas and Electromagnetic Fields in Cosmology · Quarks to Cosmos
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ABSTRACT

The Fisher information matrix is a quantity of fundamental importance for information geometry and asymptotic

statistics. In practice, it is widely used to quickly estimate the expected information available in a data set and

guide experimental design choices. In many modern applications, it is intractable to analytically compute the Fisher

information and Monte Carlo methods are used instead. The standard Monte Carlo method produces estimates of

the Fisher information that can be biased when the Monte-Carlo noise is non-negligible. Most problematic is noise

in the derivatives as this leads to an overestimation of the available constraining power, given by the inverse Fisher

information. In this work we find another simple estimate that is oppositely biased and produces an underestimate of

the constraining power. This estimator can either be used to give approximate bounds on the parameter constraints

or can be combined with the standard estimator to give improved, approximately unbiased estimates. Both the

alternative and the combined estimators are asymptotically unbiased so can be also used as a convergence check

of the standard approach. We discuss potential limitations of these estimators and provide methods to assess their

reliability. These methods accelerate the convergence of Fisher forecasts, as unbiased estimates can be achieved with

fewer Monte Carlo samples, and so can be used to reduce the simulated data set size by several orders of magnitude.

Keywords: Method, forecasting, simulation, estimators

1 INTRODUCTION

A fundamental question across scientific fields is “How much
information can I learn from this experiment?” This arises
in diverse situations from designing new experiments to as-
sessing the statistical power of a set of summary statistics to
considering the detectability of a new theoretical model. For
many of these applications a point estimate of the expected
error on a set of parameters is sufficient, and therefore it is
desirable to avoid performing a complete statistical inference
on mock data – a process that is frequently complex and time
consuming.

Fisher forecasts are used ubiquitously for this purpose. As a
prominent example, many contributions to the recent decadal
reviews advising federal agencies on how to plan their use
of funds (such as the Astro2020 Decadal Survey on Astron-
omy and Astrophysics 1 and the “Snowmass” particle physics
process2), include Fisher forecasts quantifying the scientific
information gain of various experimental or observational
projects.

The underlying principle behind Fisher forecasts is the
Cramér-Rao bound (Rao 1945; Cramér 1946), which states
that the minimum variance of unbiased estimators of the pa-
rameters, θ̂i, is given by

Var[θ̂i] ≥ F−1
ii , (1)

1 https://baas.aas.org/astro2020-science
2 https://snowmass21.org/

where Fij is the Fisher Information (Fisher 1922), defined as

Fij =

〈
∂ logL(X|θ)

∂θi

∂ logL(X|θ)
∂θj

〉
, (2)

and L(X|θ) is the likelihood. Fisher forecasts can thus be used
to provide fast, point estimates of the constraining power of
an experiment.

Beyond its role in computing information bounds, the
Fisher information matrix plays a fundamental role in asymp-
totic statistics (Vaart 1998), and supplies the metric tensor
upon which the field of information geometry is built (Amari
2021).

For many problems analytically computing the Fisher in-
formation is intractable and thus it is often estimated using
a finite number of simulations of the data. For the often used
Gaussian likelihood, the standard formula involves estimat-
ing the derivative of the means and the covariance by Monte
Carlo. A straightforward evaluation of these quantities gives
an estimator that over-predicts the available information. We
present an alternative method that provides conservative es-
timates of the information content. Our new estimator is also
biased but, in certain regimes, it underestimates the available
information. We show that this estimator is typically biased
low by the same amount that the standard estimate is biased
high and thus the two estimators can be trivially combined
to give unbiased estimates of the Fisher information.

This paper is structured as follows: in Section 2 we review
the standard estimator before introducing our new estimators
– the compressed estimator and the combined estimator. To
build intuition, in Section 3 we explore the theoretical prop-
erties of these estimators when applied to the commonly used
Gaussian distribution. In Section 4 we demonstrate the ad-

© 0000 The Authors
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The uncertainties on the EFT coupling limits for direct dark matter detection
experiments stemming from uncertainties of target properties
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Direct detection experiments are still one of the most promising ways to unravel the nature of
dark matter. To fully understand how well these experiments constrain the dark matter interactions
with the Standard Model particles, all the uncertainties affecting the calculations must be known.
It is especially critical now because direct detection experiments recently moved from placing limits
only on the two elementary spin independent and spin dependent operators to the complete set
of possible operators coupling dark matter and nuclei in non-relativistic theory. In our work, we
estimate the effect of nuclear configuration-interaction uncertainties on the exclusion bounds for
one of the existing xenon-based experiments for all fifteen operators. We find that for operator
number 13 the ±1σ uncertainty on the coupling between the dark matter and nucleon can reach
more than 50% for dark matter masses between 10 and 1000 GeV. In addition, we discuss how
quantum computers can help to reduce this uncertainty.

I. INTRODUCTION

The nature of dark matter (DM) has remained one
of the biggest mysteries in physics. Over the past few
decades, experiments have attempted to measure DM
interactions with visible matter, both directly and in-
directly, to no avail. Direct detection experiments for
particle DM (see, e.g., Ref. [1] for a recent review),
among which the currently largest and leading ones are
XENONnT [2, 3] and PandaX-4T [4], are generally built
to search an area of parameter space consistent with a
particular class of DM models, such as the Weakly Inter-
acting Massive Particle (WIMP), see, e.g., Ref. [5] for a
recent review. These experiments frequently look at only
the leading order spin-independent and spin-dependent
interactions [6–9], which may be suppressed by an as-
yet-unknown mechanism that prevents any detection of
DM. Recently, there has been heightened interest to fo-
cus on a more general approach in the Galilean Effective
Field Theory (EFT) [10, 11] framework for setting con-
straints on DM-nuclei coupling and cross sections [12, 13]
for elastic scattering, as well as in Chiral Effective Field
Theory for inelastic scattering [14].

Besides detectors built for the main goal of DM detec-
tion, other low-energy, rare event search experiments can
also be used in DM direct searches. Neutrinoless double-
beta decay (0νββ) is currently an extremely rare interac-
tion of interest, and detectors such as CUORE designed

∗ dheimsoth@wisc.edu
† brandonlem@berkeley.edu
‡ asuliga@berkeley.edu
§ cjohnson@sdsu.edu
¶ baha@physics.wisc.edu
∗∗ snc@physics.wisc.edu

for 0νββ also look for DM scattering events off their tar-
get material [15]. CUORE uses TeO2 crystals as a tar-
get; tellurium, like xenon (which we focus our analysis on
in this paper), has isotopes that are currently modeled
through nuclear configuration-interaction approaches be-
cause of the large number of nucleons (∼ 120-140). Thus,
our calculations of WIMP-nucleon coupling uncertainties
will be applicable to a wide range of sensitive, low-energy
experiments.

In this paper, we show that a major source of uncer-
tainty in the calculation of Galilean EFT DM-nucleus
cross sections and the upper limits on DM couplings
is nuclear models. Nuclei are highly complex many-
particle quantum systems and thus practically impossible
to model or simulate to high accuracy without simpli-
fying approximations on modern hardware. A common
approach for heavier nuclei is the nuclear configuration-
interaction in a shell model basis, where a frozen core of
nucleons is surrounded by valence nucleons which occupy
energy and angular momentum states in close analogy
with atomic electrons [16]. (Ab initio calculations of nu-
clei have been developed over recent years [17], but only
very recently have these techniques started to be applied
to heavy, open-shell nuclides such as xenon isotopes [18].)
The target nuclear response to external probes such as
DM scattering is then encoded in reduced matrix ele-
ments and a density matrix which contains the transition
probabilities between different states of valence nucleon
configurations. Still, this is a many-body system and
thus challenging to calculate numerically.

In our work, we quantify the uncertainty in the up-
per limits of the Galilean EFT DM-nucleus couplings by
considering the uncertainty in configuration-interaction
calculations of the target response. Figure 1 illustrates
our process and provides a map of this paper. First,
we choose as initial inputs two different appropriate
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Extreme mass-ratio inspiral of a spinning body into a Kerr black hole
I: Evolution along generic trajectories

Lisa V. Drummond,1 Alexandra G. Hanselman,2 Devin R. Becker,1 and Scott A. Hughes1

1Department of Physics and MIT Kavli Institute, MIT, Cambridge, MA 02139 USA
2Department of Physics, University of Chicago, Chicago, IL 60637 USA

The study of spinning bodies moving in curved spacetime has relevance to binary black hole
systems with large mass ratios, as well as being of formal interest. At zeroth order in a binary’s mass
ratio, the smaller body moves on a geodesic of the larger body’s spacetime. Post-geodesic corrections
describing forces driving the small body’s worldline away from geodesics must be incorporated to
model the system accurately. An important post-geodesic effect is the gravitational self-force, which
describes the small body’s interaction with its own spacetime curvature. This effect includes the
backreaction due to gravitational-wave emission that leads to the inspiral of the small body into
the black hole. When a spinning body orbits a black hole, its spin couples to spacetime curvature.
This introduces another post-geodesic correction known as the spin-curvature force. An osculating
geodesic integrator that includes both the backreaction due to gravitational waves and spin-curvature
forces can be used to generate a spinning-body inspiral. In this paper, we use an osculating geodesic
integrator to combine the leading backreaction of gravitational waves with the spin-curvature force.
Our analysis only includes the leading orbit-averaged dissipative backreaction, and examines the
spin-curvature force to leading order in the small body’s spin. This is sufficient to build generic
inspirals of spinning bodies, and serves as a foundation for further work examining how to include
secondary spin in large-mass-ratio waveform models.

I. INTRODUCTION

A. Extreme mass-ratio inspirals

Binary systems with very small mass ratios that inspi-
ral due to the backreaction of gravitational waves (GWs)
are called extreme mass-ratio inspirals (EMRIs). These
systems consist of stellar-mass compact objects (of mass
µ) orbiting a massive black hole (mass M) with mass
ratio ε ≡ µ/M in the range 10−7–10−4. They produce
low-frequency GWs that are expected to be detectable by
the planned Laser Interferometer Space Antenna (LISA)
[1, 2]. The detection of GWs from EMRI sources will
enable precise measurements of properties of the massive
black holes, as well as robustly probe the Kerr nature of
the spacetime. This will be achieved by matching the
phase of theoretical waveforms with observed GW data
over many thousands to millions of orbits. Making such
measurements will require precise, long-duration wave-
form models.

The EMRI’s small mass ratio ε means we can treat
the binary as the Kerr solution [3] plus a perturbation
characterizing the smaller body. At zeroth order in ε,
the small body’s four-momentum pα obeys the geodesic
equation,

Dpα

dτ
= 0 , (1.1)

where D/dτ is the covariant derivative along the orbit
and τ is proper time. Post-geodesic effects, which can be
modeled by adding a forcing term to the right-hand side,

Dpα

dτ
= fα , (1.2)

describe physics beyond the leading “free fall” of a body.
Examples of post-geodesic effects include the self force
(arising from the coupling of the small body with its
own spacetime curvature) and the spin-curvature force
(arising from the coupling of the small body’s spin with
the background spacetime). These forces are discussed
briefly in the following section, and in detail in Sec. V.

B. Drivers of inspiral evolution

Schematically, we can write the spacetime metric of a
large mass-ratio binary as

gbin
µν = gµν + h(1)

µν︸︷︷︸
O(ε)

+ h(2)
µν︸︷︷︸
O(ε2)

+O(ε3) . (1.3)

Here, gbin
µν is the metric describing the binary system, and

gµν is the “background” metric, describing its largest

member. The contributions h
(1)
µν and h

(2)
µν are first-

and second-order perturbations arising from the binary’s
smaller member. If the metric was unperturbed, so that
we described the binary’s spacetime as just of the back-
ground, gbin

µν = gµν , then the trajectory of a non-spinning
body would be given by the geodesic equation in the
background gµν (see Sec. II). The trajectory of a spinning
body in this spacetime would be given by the Mathisson-
Papapetrou equations, discussed in detail in Sec. III.

Including the metric perturbations h
(n)
µν introduces self-

force effects into the dynamics and leads to the decay of
the orbit due to gravitational radiation reaction.

We can write the force on the right-hand side of Eq.
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Abstract

In this essay it is proved that there are black holes that are dangerously cold. In particular, by

analyzing the emission spectra of highly charged black holes we reveal the fact that near-extremal

black holes whose Bekenstein-Hawking temperatures lie in the regime TBH . m6
e/e

3 may turn

into horizonless naked singularities, thus violating the cosmic censorship principle, if they emit

a photon with the characteristic thermal energy ω = O(TBH) [here {me, e} are respectively the

proper mass and the electric charge of the electron, the lightest charged particle]. We therefore

raise here the conjecture that, in the yet unknown quantum theory of gravity, the temperatures

of well behaved black-hole spacetimes are fundamentally bounded from below by the relation

TBH & m6
e/e

3.

Email: shaharhod@gmail.com
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Is there an excess of black holes around 20M�? Optimising the complexity of population models
with the use of reversible jump MCMC.

Alexandre Toubiana,1 Michael L. Katz,1 and Jonathan R. Gair1

1Max Planck Institute for Gravitationsphysik (Albert Einstein Institute), Am Mühlenberg 1, 14476 Potsdam, Germany

Some analyses of the third gravitational wave catalogue released by the LIGO-Virgo-KAGRA collaboration
(LVK) suggest an excess of black holes around 15 − 20M�. In order to investigate this feature, we introduce
two flexible population models, a semi-parametric one and a non-parametric one. Both make use of reversible
jump Markov chain Monte-Carlo to optimise their complexity. We also illustrate how the latter can be used to
efficiently perform model selection. Our parametric model broadly agrees with the fiducial analysis of the LVK,
but finds a peak of events at slightly larger masses. Our non-parametric model shows this same displacement.
Moreover, it also suggests the existence of an excess of black holes around 20M�. We assess the robustness
of this prediction by performing mock injections and running hierarchical analyses on those. We find that such
a feature might be due to statistical fluctuations, given the small number of events observed so far, with a 5%
probability. We estimate that with a few hundreds of observations, as expected for O4, our non-parametric
model will, be able to robustly determine the presence of this excess. It will then allow for an efficient agnostic
inference of the properties of black holes.

I. INTRODUCTION

The total number of gravitational wave (GW) observations
from compact binaries by the LIGO-Virgo-KAGRA (LVK)
collaboration [1–3] now adds up to 90 [4]. Together they
form the third GW transients catalogue (GWTC-3) released
by the LVK. As the number of observation increases, we be-
come able to infer the astrophysical properties of GW sources
not only individually but as a population. Different astrophys-
ical models for the formation and evolution mechanisms of
GW sources predict different distributions of parameters such
as masses, spins or redshifts [5–18]. Thus, inferring the popu-
lation of GW sources from data is a powerful tool to constrain
astrophysical models.

Focusing on binary black holes (BBHs), one of the main
results of population analyses is the growing evidence for an
excess of black holes (BHs) around 35M� [19–28]. This ex-
cess can be interpreted as a ”pile-up” of BHs before the upper
mass gap [29–32], although it happens at lower masses than
predicted by current astrophysical models [33–36]. Moreover,
first hints of correlations between parameters have started to
appear [37–42], e.g., between the effective spin and the mass
ratio or between redshift and spins. Such correlations carry
the signature of the astrophysical channels through which the
binaries form. However, some of these were not anticipated
by astrophysical models, illustrating once more how popula-
tion analysis can shed light on astrophysics.

Another interesting feature is a possible excess of BHs
around 15 − 20M� [20, 22–24]. It has been pointed out
that it could be the signature of second generation mergers
[22, 43, 44]. However, it is statistically less significant than
the feature at around 35M� [23, 25] and has been found by
only a few of the analyses performed on GWTC-3. Assessing
the significance of this excess was the first motivation for our
study.

From a Bayesian perspective, the goal of population infer-
ence [45, 46] is to obtain the posterior distribution on popula-
tion hyperparameters (denoted Λ) assuming a population prior
for the individual event parameters p(Θ|Λ). The event param-

eters of interest, Θ, are typically the masses, the spins and the
redshift of the source. Broadly speaking, we can identify three
main approaches, differing in how p(Θ|Λ) is modelled:

• astrophysical: the distribution of parameters is obtained
from astrophysical simulations. These simulations typ-
ically output samples from the population prior (i.e.,
events).

• parametric: the population prior is written as a combi-
nation of simple functions, which depend on hyperpa-
rameters that are inferred from the data.

• non-parametric: a more complicated and flexible func-
tional form for the population prior is assumed, with a
variable number of degrees of freedom. The parameters
of the model have (in general) no physical meaning.

In the first approach, the hyperparameters have a clear as-
trophysical meaning. They are related to the parameters of
the astrophysical simulations, for example the efficiency of
energy transfer from the binary to the gas during the com-
mon envelope stage, or the branching fraction between bi-
naries formed in isolation and those formed dynamically, or
parameters characterising properties of primordial BHs [47–
50]. Moreover, such an approach naturally incorporates corre-
lations between parameters. However, it heavily relies on as-
sumptions about astrophysical processes that are highly uncer-
tain and has limited flexibility. Furthermore, in the standard
way of performing population inference one needs to evalu-
ate p(Θ|Λ) [45, 46], thus requiring an additional step where
the probability density function (pdf) is estimated from sam-
ples of the population prior with the use of neural networks or
kernel density estimators [47–51]. The parametric approach
[19, 20, 32] partially leverages these issues, using functional
forms for the population prior that are generic enough and
could describe a variety of astrophysical scenarios. This is
the approach used in the fiducial POWER-LAW+PEAK (PP)
analysis of the LVK, which describes the primary mass pdf as
the weighted sum of a power-law and a Gaussian [20]. Al-
though more flexible than the astrophysical one, the paramet-
ric approach also makes assumptions about the general form
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ABSTRACT

We present a novel methodology based on Physics-Informed Neural Networks (PINNs) for solving
systems of partial differential equations admitting discontinuous solutions. Our method, called
Gradient-Annihilated PINNs (GA-PINNs), introduces a modified loss function that requires the
model to partially ignore high-gradients in the physical variables, achieved by introducing a suitable
weighting function. The method relies on a set of hyperparameters that control how gradients are
treated in the physical loss and how the activation functions of the neural model are dynamically
accounted for. The performance of our GA-PINN model is demonstrated by solving Riemann
problems in special relativistic hydrodynamics, extending earlier studies with PINNs in the context of
the classical Euler equations. The solutions obtained with our GA-PINN model correctly describe the
propagation speeds of discontinuities and sharply capture the associated jumps. We use the relative l2
error to compare our results with the exact solution of special relativistic Riemann problems, used as
the reference “ground truth”, and with the corresponding error obtained with a second-order, central,
shock-capturing scheme. In all problems investigated, the accuracy reached by our GA-PINN model
is comparable to that obtained with a shock-capturing scheme and significantly higher than that
achieved by a baseline PINN algorithm. An additional benefit worth stressing is that our PINN-based
approach sidesteps the costly recovery of the primitive variables from the state vector of conserved
variables, a well-known drawback of grid-based solutions of the relativistic hydrodynamics equations.
Due to its inherent generality and its ability to handle steep gradients, the GA-PINN methodology
discussed in this paper could be a valuable tool to model relativistic flows in astrophysics and particle
physics, characterized by the prevalence of discontinuous solutions.

Keywords Riemann problem, Euler equations, Machine learning, Neural networks, Relativistic hydrodynamics

1 Introduction

Within the rapidly-evolving field of computer science, Deep Learning (DL) has firmly established itself as a useful
tool for solving a wide range of problems, with applications in areas as diverse as e.g. image processing [1, 2], natural
language processing [3], machine translation [4] and time series prediction [5]. Technologies involved include recurrent
neural networks (RNNs) [6], such as long-term memory architectures (LSTMs) [7], attentional mechanisms [8],
encoder-decoder architectures [9, 10], etc. One of the areas in which DL has shown particularly promising results is in

1IDAL, Electronic Engineering Department, ETSE-UV, University of Valencia, Avgda. Universitat s/n, 46100 Burjassot, Valencia, Spain.
2Valencian Graduate School and Research Network of Artificial Intelligence (ValgrAI), Spain.
3Instituto de Física Corpuscular CSIC-UV, c/Catedrático José Beltrán 2, 46980 Paterna, Valencia, Spain.
4Departamento de Astronomía y Astrofísica, Universitat de Valencia, Dr. Moliner 50, 46100, Burjassot (València), Spain.
5Observatori Astronòmic, Universitat de València, Catedrático José Beltrán 2, 46980, Paterna (València), Spain.
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On the anomalous mass defect of strange stars

in the Field Correlator Method

F. I. M. Pereira∗

Observatório Nacional, MCTI, Rua Gal. José Cristino 77, 20921-400 Rio de Janeiro RJ, Brazil

(Dated: July 19, 2018)

We investigate general aspects of the mass defects of strange stars in the context

of the Field Correlator Method, without magnetic field. The main parameters of the

model that enter the corresponding nonperturbative equation of state of the quark

gluon plasma are the gluon condensate G2 and the large distance static QQ̄ potential

V1.

We calculate mass defects of stellar configurations in the central density range

11 < log ρc < 18. In general, the mass defects are strongly dependent on the model

parameters. For a large range of values of G2 and V1, we obtain anomalous mass

defects with magnitudes around 1053 erg , of the same order of the observed energies

of gamma-ray bursts and neutrino emissions in SN1987A, and of the theoretically

predicted energies of the quark-novae explosions.

Keywords: Strange stars; Mass defects; Strange quark matter; Nonperturbative equation

of state.

I. INTRODUCTION

In pioneer works, V. L. Ambartsumyan and G. S. Saakyan considered the question of

superdense stellar matter made of a degenerate gas of elementary particles, comprising neu-

tron, protons, hyperons and electrons, at zero temperature [1, 2]. Investigations of internal

structures of these compact configurations led to the possibility of stellar transitions of ex-

plosive character, from a metastable state to a stable state, with great amounts of liberated

energy [3, 4]. These transitions were related to stars with negative (or anomalous) mass

∗Electronic address: flavio@on.br
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Strange stars properties calculated in the

framework of the Field Correlator Method
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(Dated: November 5, 2018)

We calculate the strange star properties in the framework of the Field Correlator

Method. We find that for the values of the gluon condensate G2 = 0.006 GeV4 and

G2 = 0.0068 GeV4, which give a critical temperature Tc ∼ 170 MeV at µc = 0,

the sequences of strange stars are compatible with some of the semi-empirical mass-

radius relations and data obtained from astrophysical observations.

PACS numbers: 04.40.Dg, 21.65.Qr, 21.65.Mn

Keywords: strange stars, quark matter, nuclear matter, equation of state

I. INTRODUCTION

In the last decades, a great effort has been made to understand the properties of nuclear

matter at densities higher than nuclear densities. From heavy ion collisions and astrophysical

observations of compact objects, many attempts have been made to determine the equation

of state (EOS) for dense nuclear matter in both hadronic and quark phases. In relativistic

heavy ions experiments (RHIC and LHC in the near future), extreme conditions of pressure

and/or temperature are created in the interface of the colliding nuclei that simulate those

existing in the interior of compact stellar objects or in the beginning of the universe. In

both terrestrial experiments and astrophysical observations, one of the main goals is the

determination of the microscopic description of the EOS of dense nuclear matter in the

framework of the fundamental theory of strong interactions (QCD).

The current treatments have led to theoretical results which are unable to fully explain

the observed phenomena of compact astrophysical objects. Among these treatments, the

∗Electronic address: flavio@on.br
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4Atmospheric, Ocean, and Planetary Physics, Department of Physics, Oxford University, OX1 3PU, UK

5Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS, Laboratoire Lagrange, France
6Department of Earth and Planetary Sciences, University of California, Santa Cruz, CA 95064, USA

(Received October, 2022; Revised April, 2023; Accepted May, 2023)

Submitted to The Astrophysical Journal

ABSTRACT

Photochemical hazes are expected to form in hot Jupiter atmospheres and may explain the strong

scattering slopes and muted spectral features observed in the transmission spectra of many hot Jupiters.

Absorption and scattering by photochemical hazes have the potential to drastically alter temperature

structure and atmospheric circulation of these planets but have previously been neglected in general

circulation models (GCMs). We present GCM simulations of hot Jupiter HD 189733b that include

photochemical hazes as a radiatively active tracer fully coupled to atmospheric dynamics. The influence

of haze radiative feedback strongly depends on the assumed haze optical properties. For soot hazes,

two distinct thermal inversions form, separated by a local temperature minimum around 10−5 bar

caused by upwelling on the dayside mixing air with low haze abundance upwards. The equatorial jet

broadens and slows down. The horizontal distribution of hazes remains relatively similar to simulations

with radiatively passive tracers. For Titan-type hazes, the equatorial jet accelerates and extends

to much lower pressures, resulting in a dramatically different 3D distribution of hazes compared to

radiatively passive or soot hazes. Further experimental and observational studies to constrain the

optical properties of photochemical hazes will therefore be crucial for understanding the role of hazes

in exoplanet atmospheres. In the dayside emission spectrum, for both types of hazes the amplitude

of near-infrared features is reduced, while the emitted flux at longer wavelengths (>4 µm) increases.

Haze radiative feedback leads to increased phase curve amplitudes in many infrared wavelength regions,

mostly due to stronger dayside emission.

Keywords: Exoplanet atmospheres (487) — Exoplanet atmospheric dynamics (2307) — Exoplanet

atmospheric structure (2310)

1. INTRODUCTION

Transit observations of many short-period giant plan-

ets reveal the presence of aerosols at low pressures

(Sing et al. 2016; Crossfield & Kreidberg 2017; Gao

Corresponding author: Maria E. Steinrueck

steinrueck@mpia.de

et al. 2021). Among the observed spectral signatures

of aerosols are short-wavelength scattering slopes (e.g.,

Pont et al. 2008, 2013; Nikolov et al. 2015; Alam et al.

2020), muted wings of the sodium and potassium lines

(e.g., Huitson et al. 2012; Gibson et al. 2013; Mallonn

& Strassmeier 2016) and the low amplitude of the near-

infrared water feature near 1.4 µm (e.g., Line et al. 2013;

Deming et al. 2013; McCullough et al. 2014; Iyer et al.

2016; Wakeford et al. 2017). In some cases, there is evi-
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ABSTRACT
Several analyses have shown that ΛCDM-based models cannot jointly describe the clustering (GC) and galaxy-galaxy lensing
(GGL) of galaxies in the SDSS-III BOSS survey, which is commonly known as the “lensing-is-low problem”. In this work,
we show that an extension of Subhalo Abundance Matching, dubbed SHAMe, successfully solves this problem. First, we show
that this model accurately reproduces the GC and GGL of a mock galaxy sample in the TNG300 hydrodynamic simulation
with analogous properties to BOSS galaxies. Then, we switch our attention to observed BOSS galaxies at 𝑧 = 0.31 − 0.43,
and we attempt to reproduce their GC and GGL by evaluating SHAMe on two different simulations: one adopting best-fitting
cosmological parameters from Planck and the other from weak gravitational lensing surveys (Low S8), where the amplitude
of matter fluctuations is lower for the latter. We find excellent agreement between SHAMe predictions and observations for
both cosmologies, indicating that the lensing-is-low problem originates from approximations in previous theoretical descriptions
of the data. The main difference between SHAMe results in these cosmologies is the level of galaxy assembly bias, which is
approximately 20 and 10% for Planck and Low S8, respectively. These results highlight the dangers of employing oversimplified
models to analyse current large-scale structure datasets, and the need for realistic yet flexible descriptions of the galaxy-halo
connection.
Key words: large-scale structure of Universe — gravitational lensing: weak — galaxies: statistics — galaxies: haloes —
cosmology: observations — cosmology: theory

1 INTRODUCTION

In the modern galaxy formation formalism, galaxies form and evolve
within dark matter haloes. As haloes evolve hierarchically, merg-
ing together to form the largest structures in the universe, galaxies
within the haloes begin to cluster and ultimately merge. While the
rate at which haloes merge is only governed by the cosmological
model, the merging of galaxies is also influenced by baryonic pro-
cesses. Therefore, the large-scale distribution of galaxies encodes
precise information about cosmology and galaxy formation physics,
but disentangling this information is challenging.
Two of the observablesmostwidely used to extract this information

are the projected correlation function (𝑤p) and galaxy-galaxy lensing
(GGL). The first captures the excess probability of finding a pair
of galaxies as a function of projected distance, while the second
measures the amount by which foreground galaxies distort the light
of background galaxies surrounding these (e.g., Tyson et al. 1984;
Miralda-Escude 1991; Brainerd et al. 1996; Hudson et al. 1998). Due
to integrating line-of-sight information, these are not significantly
affected by either redshift space distortions or uncertainties affecting

★ E-mail: sergio.contreras@dipc.org
† E-mail: jchaves@ifae.es
‡ E-mail: reangulo@dipc.org

galaxy redshifts, making them idoneous for photometric redshift
surveys.

Traditionally, the projected correlation function has been used on
its own to set constraints on the average occupation of galaxies as a
function of halo mass (e.g., Zehavi et al. 2005; Zheng et al. 2007),
galaxy assembly bias (e.g., Salcedo et al. 2022), and the value of
cosmological parameters (e.g., Zhai et al. 2019, 2022) using empiri-
cal models such as the halo occupation distribution (HOD, Jing et al.
1998; Benson et al. 2000; Peacock& Smith 2000; Berlind et al. 2003;
Zheng et al. 2005, 2007; Contreras et al. 2013; Guo et al. 2015; Con-
treras et al. 2017) or subhalo abundancematching technique (SHAM,
Vale & Ostriker 2006; Conroy et al. 2006). More recently, when try-
ing to carry out joint analyses of galaxy clustering (GC) and GGL,
multiple studies have found a systematic difference betweenGGL ob-
servations and predictions from empirical models. This effect, now
referred to as the lensing-is-low problem, was first detected by Leau-
thaud et al. (2017) when using HOD and SHAM models to analyse
the CMASS galaxy sample of the Baryon Oscillation Spectroscopic
Survey (BOSS, Eisenstein et al. 2011; Dawson et al. 2013) and lens-
ing measurements around these galaxies from the Canada France
Hawaii Telescope (CFHT) Lensing Survey (CFHTLenS, Heymans
et al. 2012; Miller et al. 2013) and CFHT Stripe 82 survey (Erben
et al. 2013). This study found that the observed GGL signal is from

© 2023 The Authors
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Rävala pst. 10, Tallinn, 10143, Estonia

E-mail: alexandros.karam@kbfi.ee, niko.koivunen@kbfi.ee, eemeli.tomberg@kbfi.ee,
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Abstract. We investigate the formation of large peaks in the inflationary curvature power
spectrum from double-well potentials. In such scenarios, the initial CMB spectrum is created
at large field values. Subsequently, the inflaton will cross one of the minima and will decel-
erate rapidly as it reaches the local maximum at the origin, either falling back or crossing
it. During this final phase, a significant peak in the curvature power spectrum can be gen-
erated. Our analysis reveals that this class of models produces more pronounced peaks than
the more commonly studied quasi-inflection point scenarios with less tuning for the model
parameters. Finally, we construct an explicit theoretically motivated inflationary scenario
that is consistent with the latest CMB observations and capable of generating sufficiently
large curvature perturbations for primordial black holes.
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ABSTRACT
The distribution of baryons provides a significant way to understand the formation of galaxy clusters by revealing the details of its
internal structure and changes over time. In this paper, we present theoretical studies on the scaled profiles of physical properties
associated with the baryonic components, including gas density, temperature, metallicity, pressure and entropy as well as stellar
mass, metallicity and satellite galaxy number density in galaxy clusters from 𝑧 = 4 to 𝑧 = 0 by tracking their progenitors. These
mass-complete simulated galaxy clusters are coming from The Three Hundred with two runs: Gizmo-SIMBA and Gadget-X.
Through comparisons between the two simulations, and with observed profiles which are generally available at low redshift,
we find that (1) the agreements between the two runs and observations are mostly at outer radii 𝑟 & 0.3𝑟500, in line with
the self-similarity assumption. While Gadget-X shows better agreements with the observed gas profiles in the central regions
compared to Gizmo-SIMBA; (2) the evolution trends are generally consistent between the two simulations with slightly better
consistency at outer radii. In detail, the gas density profile shows less discrepancy than the temperature and entropy profiles at
high redshift. The differences in the cluster centre and gas properties imply different behaviours of the AGN models between
Gadget-X and Gizmo-SIMBA, with the latter, maybe too strong for this cluster simulation. The high-redshift difference may
be caused by the star formation and feedback models or hydrodynamics treatment, which requires observation constraints and
understanding.

Key words: galaxies: clusters: general – galaxies: clusters: intracluster medium – galaxies: general – galaxies: haloes

1 INTRODUCTION

As the largest gravitationally bound structures in theUniverse, galaxy
clusters provide the unique environment to study galaxy formation
and cosmology (e.g., Yang et al. 2007; Allen et al. 2011; Kravtsov
& Borgani 2012; Rykoff et al. 2014; Yang et al. 2021; Li et al.
2022b). Although the baryonic components including intracluster
medium (ICM) and galaxies occupy a small fraction of cluster mass,
they are the significant ways to investigate the properties and history
of clusters in observation (e.g., Tozzi & Norman 2001; Cavagnolo

★ E-mail: qingyli@sjtu.edu.cn
† E-mail: weiguang.cui@roe.ac.uk; Talento-CM fellow

et al. 2008), and to deduce the amount of total matter by scaling
relation (e.g., Bialek et al. 2001; Giodini et al. 2013). Besides, baryon
distribution in galaxy clusters also provides the constraints on the
physical models describing chemical enrichment (e.g., Scannapieco
et al. 2005) and the astrophysical processes like active galactic nuclei
(AGN) feedback (Teyssier et al. 2011;Martizzi et al. 2012; Sembolini
et al. 2016) and gas cooling (e.g., Eckert et al. 2012; Li et al. 2020).

The ICM in galaxy clusters is mostly contributed by hot ionized
plasma which has been successfully detected by X-ray telescopes
(e.g., XMM-Newton, Chandra and eROSITA). In addition, the distri-
bution of ICM can also be traced by the Sunyaev-Zel’dovich (SZ)
effect (Sunyaev & Zeldovich 1972), which is produced by the inverse
Compton scattering of the Cosmic Microwave Background (CMB)

© 2023 The Authors
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ABSTRACT

Context. Gravity-mode asteroseismology has significantly improved our understanding of mixing in intermediate mass stars. How-
ever, theoretical pulsation periods of stellar models remain in tension with observations, and it is often unclear how the models of
these stars should be further improved. Inversions provide a path forward by directly probing the internal structure of these stars from
their pulsation periods, quantifying which parts of the model are in need of improvement. This method has been used with success in
the case of solar-like pulsators, but has not yet been applied to main-sequence gravity-mode pulsators.
Aims. Our aim is to determine whether structure inversions for gravity-mode pulsators are feasible. We focus on the case of slowly
rotating slowly pulsating B-type (SPB) stars.
Methods. We computed and analyzed dipole mode kernels for three variables pairs: (ρ, c), (N2, c), and (N2, ρ). We assessed the
potential of these kernels by predicting the oscillation frequencies of a model after perturbing its structure. We then tested two inversion
methods, regularized least squares (RLS) and subtractive optimally localized averages (SOLA), using a model grid computed with
the MESA stellar evolution code and the GYRE pulsation code.
Results. We find that changing the stellar structure affects the oscillation frequencies in a nonlinear way. The oscillation modes for
which this nonlinear dependency is the strongest are in resonance with the near-core peak in the buoyancy frequency. The near-
core region of the star can be probed with SOLA, while RLS requires fine tuning to obtain accurate results. Both RLS and SOLA are
strongly affected by the nonlinear dependencies on the structure differences, as these methods are based on a first-order approximation.
These inversion methods need to be modified for meaningful applications of inversions to SPB stars.
Conclusions. Our results show that inversions of gravity-mode pulsators are possible in principle, but that the typical inversion
methods developed for solar-like oscillators are not applicable. Future work should focus on developing nonlinear inversion methods.

Key words. Asteroseismology – Waves – Stars: interiors – Stars: oscillations – Stars: evolution

1. Introduction

The main-sequence evolution of intermediate-mass stars (1.3-
8M�) is strongly dependent on the size and mass of the central
convection zone. However, the properties of the boundary be-
tween this convection zone and the radiative envelope are largely
unknown, affecting predictions of the age and final core mass
of the star (e.g., Johnston 2021; Pedersen et al. 2021; Pedersen
2022, for summaries). The main challenge is determining the
degree of element mixing that occurs in these boundary layers
and throughout the envelope of the star, as well as how this mix-
ing changes as the star evolves. Different processes contribute to
this mixing: overshooting near the convection zone, differential
rotation, settling and levitation of chemical species, and internal
waves. Asteroseismic observations have made the properties of
these deep interior layers accessible (see Aerts 2021 for a re-
view). In order to derive these properties, one typically fits pre-
dicted observables from a grid of stellar models computed with a
stellar evolution code, to observations of the star, including aster-
oseismic data, but also additional constraints from spectroscopy
or astrometry. We refer to this way of modeling as forward mod-
eling.

While forward modeling has been applied with success to
tens of γ Dor stars (Mombarg et al. 2019, 2021) and slowly
pulsating B-type stars (SPB stars, Degroote et al. 2010; Peder-
sen et al. 2021; Szewczuk et al. 2022), this procedure requires
computationally expensive model grids (Aerts et al. 2018). Fur-
thermore, it may be the case that certain physical processes
are not accurately modeled or not even considered at all, even
though they are necessary to accurately describe the evolution
of a star. This not only leads to many parameters that can be
tuned, but also to differences in the implementation of physi-
cal phenomena between stellar evolution codes such as MESA
(Jermyn et al. 2023), the Geneva Code (Eggenberger et al. 2008),
GARSTEC (Weiss & Schlattl 2008), FRANEC (Degl’Innocenti
et al. 2008), Monash (Lattanzio 1986), and STAREVOL (Fores-
tini et al. 1991) among others.

A method that can help alleviate these challenges is a (struc-
ture) inversion of the star we want to model (e.g., Gough &
Thompson 1991; Bellinger et al. 2020). An inversion attempts
to reconstruct the internal structure of the star directly from ob-
served and identified oscillation modes. Since the oscillation
frequencies on their own do not provide complete information
about the internal structure of the star, it is necessary to use a
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ABSTRACT

The origin of the gamma-ray emission from M 87 is currently a matter of debate. This work aims to localize the very-high-energy (VHE; 100 GeV
- 100 TeV) gamma-ray emission from M 87 and probe a potential extended hadronic emission component in the inner Virgo Cluster. The search
for a steady and extended gamma-ray signal around M 87 can constrain the cosmic-ray energy density and the pressure exerted by the cosmic
rays onto the intra-cluster medium (ICM), and allow us to investigate the role of the cosmic rays in the active galactic nucleus feedback as a
heating mechanism in the Virgo Cluster. The High Energy Stereoscopic System (H.E.S.S.) telescopes are sensitive to VHE gamma rays and have
been utilized to observe M 87 since 2004. We utilized a Bayesian block analysis to identify M 87 emission states with H.E.S.S. observations
from 2004 until 2021, dividing them into low, intermediate, and high states. Because of the causality argument, an extended (&kpc) signal is
allowed only in steady emission states. Hence, we fitted the morphology of the 120 h low state data and found no significant gamma-ray extension.
Therefore, we derived for the low state an upper limit of 58′′(corresponding to ≈4.6 kpc) in the extension of a single-component morphological
model described by a rotationally symmetric 2D Gaussian model at 99.7% confidence level. Our results exclude the radio lobes (≈30 kpc) as the
principal component of the VHE gamma-ray emission from the low state of M 87. The gamma-ray emission is compatible with a single emission
region at the radio core of M 87. These results, with the help of two multiple-component models, constrain the maximum cosmic-ray to thermal
pressure ratio XCR,max..0.32 and the total energy in cosmic-ray protons (CRp) to UCR.5×1058 erg in the inner 20 kpc of the Virgo Cluster for an
assumed CRp power-law distribution in momentum with spectral index αp=2.1.

Key words. Astroparticle physics – Gamma rays: galaxies: clusters – Galaxies: clusters: intracluster medium – Radio continuum: galaxies

Send offprint requests to: H.E.S.S. collaboration,
e-mail: contact.hess@hess-experiment.eu;
* Corresponding authors

1. Introduction

Galaxy clusters are the largest gravitationally bound structures in
the Universe. The Virgo Cluster is a massive cluster of galaxies
centered around the radio galaxy M 87 at 16.5 Mpc (Blakeslee
et al. 2009; Bird et al. 2010) away from Earth and extends up to
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Identification and Classification of Exoplanets using Machine Learning Techniques

Prithivraj G and Alka Kumari

ABSTRACT

NASA’s Kepler Space Telescope has been instrumental in the task of finding the presence of ex-

oplanets in our galaxy. This search has been supported by computational data analysis to identify

exoplanets from the signals received by the Kepler telescope. In this paper, we consider building upon

some existing work on exoplanet identification using residual networks for the data of the Kepler space

telescope and its extended mission K2. This paper aims to explore how deep learning algorithms

can help in classifying the presence of exoplanets with less amount of data in one case and a more

extensive variety of data in another. In addition to the standard CNN-based method, we propose

a Siamese architecture that is particularly useful in addressing classification in a low-data scenario.

The CNN and ResNet algorithms achieved an average accuracy of 68% for three classes and 86% for

two-class classification. However, for both the three and two classes, the Siamese algorithm achieved

99% accuracy.

Keywords: Exoplanet Detection — Light curve — Machine Learning — Global and Local view — Con-

volutional neural network — Residual network — Siamese neural network — Classification

— Kepler and K2 Mission

1. INTRODUCTION

Finding planets outside our solar system is challenging, and the first official exoplanet was detected in 1992, which

was orbiting around the pulsar PSR B1257+12 (Wolszczan (1994)). At first, scientists used telescopes to examine

exoplanets directly, but the most successful technique is the indirect detection methods such as the transit and radial

velocity method. The first official space telescope dedicated only to the detection of exoplanets is Kepler Space

Telescope (Koch et al. (2010)). The telescope was launched on March 7, 2009, and worked till November 15, 2018, for

approximately nine years, resulting in the identification of more than 2,662 exoplanets outside our solar system. Such

identification is based on analyzing large data to differentiate signals of candidate exoplanets from other signals.

After the failure of the second and fourth wheels of the Kepler telescope four years into the mission, observations

were temporarily suspended. As a result, scientists and engineers have decided to prolong the project with the K2

spacecraft. K2 is similar to Kepler but with a different field of view Haas et al. (2014). This new field of view aids in

viewing the other parts of the sky where we observe 100-degree square fields close to the ecliptics. It uses the Kepler

spacecraft to look at the different parts of the sky for 80 days, with 4-5 days observing campaigns in a year. K2 will

observe in both the northern and the southern hemispheres, and later, it covered ten times more sky area than the

Kepler space mission. The K2 mission produced similar types of pixel-level and light curves data as produced by the

Kepler mission using the same Photometer instrument, which is used to measure the light coming from a parent star.

Consequently, a broad portion of the telescope is focused on detecting and investigating interesting objects such as

supernovae, galaxies, stars, Pleiades, Neptune, comets and other heavenly bodies of the asteroid belt. It has found

over 300 confirmed exoplanets in addition to 500 candidates (Yu et al. (2018))(Mayo et al. (2018)). Some of them can

be habitable zone, while others are still waiting to be observed by future missions for further information.

prithivrajastro@gmail.com

Alka.Kumari@liverpool.ac.uk
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ABSTRACT

In this dataset we provide a comprehensive collection of magnetograms (images quantifying the
strength of the magnetic field) from the National Aeronautics and Space Administration’s (NASA’s)
Solar Dynamics Observatory (SDO). The dataset incorporates data from three sources and provides
SDO Helioseismic and Magnetic Imager (HMI) magnetograms of solar active regions (regions of
large magnetic flux, generally the source of eruptive events) as well as labels of corresponding flaring
activity. This dataset will be useful for image analysis or solar physics research related to magnetic
structure, its evolution over time, and its relation to solar flares. The dataset will be of interest
to those researchers investigating automated solar flare prediction methods, including supervised
and unsupervised machine learning (classical and deep), binary and multi-class classification, and
regression. This dataset is a minimally processed, user configurable dataset of consistently sized
images of solar active regions that can serve as a benchmark dataset for solar flare prediction research.

1 Background & Summary

In this dataset, we provide a comprehensive collection of magnetograms (images quantifying the strength of the magnetic
field) from the National Aeronautics Space Administration’s (NASA’s) Solar Dynamics Observatory (SDO). SDO was
launched on 11 February 2010 as the first mission in support of the Living With a Star (LWS) program which seeks to
understand solar variability and the effects of space weather at Earth and throughout the Solar System [1]. Specific
goals of SDO in line with this dataset are to better understand the magnetic structure of the Sun and understand and
predict how that magnetic structure initiates space weather events such as flares [1]. Three experiments are included on
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Fullerenes in the circumstellar medium of Herbig Ae/Be stars: Insights
from the Spitzer mid-infrared spectral catalog
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Mayank Narang3,4
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ABSTRACT
This study presents the largest mid-infrared spectral catalog of Herbig Ae/Be stars to date, containing the Spitzer Infrared
Spectrograph spectra of 126 stars. Based on the catalog analysis, two prominent infrared vibrational modes of C60 bands at 17.4
`𝑚 and 18.9 `𝑚 are detected in the spectra of nine sources, while 7.0 `𝑚 feature is identified in the spectra of HD 319896.
The spectral index analysis and the comparison of the known sources with C60 features indicated that there exist two different
types of emission classes among the sample of stars. The infrared spectra of six Herbig Ae/Be stars in this study resemble that
of reflection nebulae, and their association with previously known reflection nebulae is confirmed. In the case of three Herbig
Ae/Be stars we report the tentative evidence of C60 emission features originating from the circumstellar disk or nearby diffused
emission region. The detection fraction of C60 in the total HAeBe star sample is ∼ 7%, whereas the detection fraction is 30%
for HAeBe stars associated with nebulosity. In the catalog, C60 is exclusively present in the circumstellar regions of B type
Herbig Ae/Be stars, with no evidence of its presence detected in stars with later spectral types. The present study has increased
the number of young stellar objects and reflection nebulae detected with C60 multifold, which can help in understanding the
excitation and formation pathway of the species.

Key words: stars: variables: Herbig Ae/Be – astrochemistry – infrared: general – ISM: molecules

1 INTRODUCTION

Studying young stellar objects (YSOs) is crucial for understanding
the formation and evolution of stars and their environments. Herbig
Ae/Be (HAeBe) stars, in particular, are of great interest as they rep-
resent a "missing link" between low-mass T Tauri stars and Massive
YSOs and possess circumstellar accretion disks (Waters &Waelkens
1998). Emission lines in the spectra of HAeBe stars reveal the dy-
namics and state of the gaseous component in the circumstellar disk.
At the same time, their spectral energy distribution (SED) shows an
infrared (IR) excess indicative of hot and/or cool dust in the circum-
stellar medium (Hillenbrand et al. 1992; Malfait et al. 1998). The
mid-IR (MIR) spectrum of HAeBe stars has revealed the presence of
polycyclic aromatic hydrocarbon (PAH; Brooke et al. 1993; Meeus
et al. 2001) molecules in their circumstellar region. The largest sam-
ple (55) of HAeBe stars studied as a class of objects is by Seok & Li
(2017),where they found that 70%ofHAeBe stars are associatedwith
PAH emission. Most MIR spectral studies of HAeBe stars have fo-
cused on the analysis of PAH features. A comprehensive compilation
of the MIR spectra of HAeBe stars and the analysis of other molecu-
lar features is currently lacking in the literature. To address this gap,
we leverage the large archive of reduced Infrared Spectrograph (IRS;

★ E-mail: arunroyon@gmail.com

Houck et al. 2004) spectra from the Spitzer Space Telescope (Werner
et al. 2004), named as Combined Atlas of Sources with Spitzer IRS
Spectra (CASSIS1), to create a catalog of HAeBe stars. Though some
of the previous studies have concentrated on Herbig Ae (HAe) stars
(Acke et al. 2010), we attempt to do a comparative study of HAe and
HBe MIR spectra through this work and may facilitate the detection
of other molecular species. Ultimately, this catalog will contribute to
advancing our understanding of the physical processes and chemical
composition of the circumstellar environments of HAeBe stars and
can act as a reference for future high-resolution observations with
James Webb Space Telescope (JWST).
Buckminsterfullerene, C60, is one of the most stable cage-like

carbonaceous molecules, which is postulated to be ubiquitous in
space (Kroto et al. 1985). The electronic spectrum of C60 has three
strong broad peaks at 216, 264, and 339 𝑛𝑚 and four infrared (IR)
vibrational modes at 7.0, 8.5, 17.4, and 18.9 `𝑚 (e.g., Zhang&Kwok
2013). Sellgren et al. (2007) detected the 17.4 and 18.9 `𝑚 features
towards reflection nebulae (RNe) NGC 7023 and has discussed the

1 CASSIS is a product of the IRS instrument team, supported by NASA and
JPL. CASSIS is supported by the“Programme National de Physique Stel-
laire" (PNPS) of CNRS/INSU co-funded by CEA and CNES and through the
“Programme National Physique et Chimie du Milieu Interstellaire" (PCMI)
of CNRS/INSU with INC/INP co-funded by CEA and CNES.

© 2023 The Authors
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The Period Distribution of Hot Jupiters is Not Dependent on Host Star Metallicity

Samuel W. Yee1 and Joshua N. Winn1

1Department of Astrophysical Sciences, Princeton University, 4 Ivy Lane, Princeton, NJ 08544, USA

ABSTRACT

The probability that a Sun-like star has a close-orbiting giant planet (period . 1 year) increases

with stellar metallicity. Previous work provided evidence that the period distribution of close-orbiting

giant planets is also linked to metallicity, hinting that there two formation/evolution pathways for such

objects, one of which is more probable in high-metallicity environments. Here, we check for differences

in the period distribution of hot Jupiters (P < 10 days) as a function of host star metallicity, drawing

on a sample of 232 transiting hot Jupiters and homogeneously-derived metallicities from Gaia Data

Release 3. We found no evidence for any metallicity dependence; the period distributions of hot

Jupiters around metal-poor and metal-rich stars are indistinguishable. As a byproduct of this study,

we provide transformations between metallicities from the Gaia Radial Velocity Spectrograph and

from traditional high-resolution optical spectroscopy of main-sequence FGK stars.

1. INTRODUCTION

One of the goals of exoplanet demographics – mea-

suring planet occurrence rates and the statistical distri-

butions of their properties – is to improve our under-

standing of planet formation. One of the earliest de-

mographic discoveries was the strong and positive asso-

ciation between stellar metallicity and giant-planet oc-

currence (Gonzalez 1997; Santos et al. 2004; Fischer &

Valenti 2005). This “metallicity effect” is often inter-

preted as evidence in favor of the core-accretion theory

of planet formation, and is observed to be stronger for

hot Jupiters than for smaller or longer-period planets

(Petigura et al. 2018).

Another important topic in giant-planet demographics

is the measurement of their orbital period distribution.

Early results from the radial-velocity surveys (e.g., Udry

et al. 2003; Butler et al. 2006; Cumming et al. 2008)

found that the period distribution has a peak at 3–5

days, falling at intermediate periods followed by a grad-

ual rise as the period increases further. Early transit

surveys found that the very shortest-period giant planets

(P < 3 days) are rarer than those with periods between

3 and 10 days (e.g., Gaudi et al. 2005), after correcting

for detection biases. These results gave rise to the no-

tion of a “three-day pile-up” in the period distribution

of giant planets, Later, Santerne et al. (2016) used the

Kepler data to detect a 2-σ peak centered on P ≈ 3–

5 days in the giant-planet occurrence rate, supporting

the general notion of a “pile-up”, although we caution

that this term has not been used consistently in the lit-

erature. Some authors have in mind a narrow peak at

3-days wholly contained within the P < 10 day range

of hot Jupiters, while others are referring to a general

excess of hot Jupiters relative to warm Jupiters.

Dawson & Murray-Clay (2013) had the insight to

search for a connection between the metallicity effect

and the giant-planet period distribution. They ex-

amined all of the giant-planet candidates with P .
500 days that had been detected by NASA’s Kepler mis-

sion, and examined the period distributions separately

for stars with super-solar and sub-solar metallicities.

They found that the distributions differed significantly,

reporting that “only metal-rich stars host a pile-up of

hot Jupiters.” These findings, along with evidence that

high eccentricities of warm Jupiters (0.1 < a < 1 AU)

are associated with high metallicities, led Dawson &

Murray-Clay (2013) to propose that both disk-driven

migration and high-eccentricity migration produce hot

Jupiters. In this picture, disk-driven migration does not

produce a period pile-up and depends weakly if at all

on metallicity; high-eccentricity migration produces a

pile-up of giant planets at short orbital periods and oc-

curs more often in metal-rich disks, where multiple giant

planets are likelier to form and trigger a dynamical in-

stability.

Although the statistical tests performed by Dawson

& Murray-Clay (2013) were based on giant planets with

periods ranging out to 500 days, if their interpretation is

correct, one might expect differences between the metal-

rich and metal-poor samples even when restricting the

period range to P < 10 days. With this in mind, Hel-

lier et al. (2017) examined period distribution of all the

transiting giant planets with P < 22 days that had been
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Emission line variability of young 10–30 MJup companions?
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ABSTRACT

Context. Emission lines indicative of active accretion have been seen on a handful of low-mass companions (M<30 MJup) to stars.
Line variability is ubiquitous on stellar accretors but has never been characterized in detail on low-mass companions and can give
insights on the accretion mechanism at play.
Aims. We aim to characterize the short- to long-term H i Paschen β emission line variability of two 10 to 30 MJup companions on wide
orbits – GQ Lup b and GSC 06214-00210 b – to clarify the accretion mechanisms at play.
Methods. We used J-band observations at R=1800–2360, obtained with VLT/SINFONI in 2017, to record time series investigating
hours-to-week variability of the H i Paschen β emission line (1.282 µm). Contrary to Hα, it should be less affected by chromospheric
activity contamination. The photospheric emission is analyzed at each epoch and removed with the FORMOSA forward modeling tool,
using new grids of ATMO models exploring different C/O and [M/H] values. The time series of line profiles and intensities are
compared to those of more massive accretors and to predictions from the latest magnetospheric accretion and shock models. To
complement, we also re-investigate archival spectroscopic observations at near-infrared wavelengths of each target to increase the
time span up to a decade and build a more comprehensive understanding of the variability processes at play.
Results. For GQ Lup b, we find line variability on months and decade timescales, while it is within noise level at shorter timescales.
For GSC 06214-00210 b, we find line variability on timescales of tens of minutes up to a decade. The line profiles of GSC 06214-
00210 b are partly resolved in at least one epoch. Both objects show H i Paschen β flux variability that is moderate (< 50 %) at
timescales below their rotation period, and more important at longer timescales (up to ∼ 1000 % on decade timescales), a behavior
similar to that of classical T Tauri stars. The line profiles of GQ Lup b are blue-shifted and can only be reproduced by magnetospheric
accretion models, while GSC 06214-00210 b’s are fairly well reproduced by both magnetospheric accretion and shock models, except
for one epoch for which the shock model is highly favored. The companions have C/O values broadly consistent with solar values.
Conclusions. While magnetospheric accretion is favored for GQ Lup b, higher resolution (R > 10 000) observations are required to
disentangle the two (non-exclusive) emitting mechanisms. The similar variability behavior observed in these low mass companions
and in classical T Tauri stars may support similar accretion mechanisms. The high amplitude of variability at months and longer
timescales found in both objects could be key to explain the low yield of Hα imaging campaigns.

Key words. Planets and satellites: formation, individual: GQ Lup b, GSC 06214-00210 b - Accretion, accretion disks

? Based on observations collected at the European Organisation for
Astronomical Research in the Southern Hemisphere under ESO pro-
gram 099.C-0760.

1. Introduction

Gas accretion on forming giant planets and brown-dwarf com-
panions is a critical step determining their early physical evo-
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ABSTRACT

Context. Fast radio bursts (FRBs) are a recently discovered class of GHz-band, ms-duration, Jy-level-flux astrophysical
transients. Although hundreds of models have been proposed so far for FRB progenitors (most popular ones involve
magnetars), their physical origin and emission mechanism are still a mystery, making them one of the most compelling
problems in astrophysics.
Aims. FRBs are caused by astrophysical processes that are not yet understood. Exploring their high-energy counterpart
is crucial for constraining their origin and emission mechanism.
Methods. Thanks to more than 13 years of gamma-ray data collected by the Large Area Telescope on board the Fermi
Gamma-ray Space Telescope, and to more than 1000 FRB events (from 561 non-repeating and 22 repeating sources),
one of the largest sample created as of today, we perform the largest and deepest search for high-energy emission from
FRB sources to date, between 100 MeV and 1 TeV. In addition to the analysis involving individual FRB events on
different time-scales (from few seconds up to several years), we performed, for the first time, a stacking analysis on the
full sample of FRB events as well as a search for triplet photons in coincidence with the radio event.
Results. We do not detect significant emission, reporting the most stringent constraints, on short time scales, for the
FRB-like emission from SGR 1935+2154 with Eγ < 1041 erg, corresponding to a factor η < 107 with respect to the
emitted radio energy. Similarly, for the stacked signal of steady emission from all repeaters, the obtained upper limit
(UL) on the FRBs luminosity (Lγ < 1.6 × 1043 erg s−1) is more than two orders of magnitudes lower than those
derived from the individual sources. Finally, no individual or triplet photons have been significantly associated with
FRB events. We derived the LAT ms-sensitivity to be ∼0.3 ph cm−2 s−1 and constrained the gamma-ray energy
Eγ,δT=1ms . 1047(DL/150Mpc)2 erg, ruling out a gamma-ray-to-radio energy ratio greater than 109 on ms timescales.
Conclusions. The results reported here represent the most stringent UL reported so far on the high-energy emission
from FRBs on short and long time scales, as well as on cumulative emission and individual photon searches. While the
origin of FRBs is still unclear, our work provides important constraints for FRB modeling, which might shed light on
their emission mechanism.

Key words. Gamma-rays: FRBs

1. Introduction

Fast radio bursts (FRBs) are a new transient phenomenon
consisting of bright and short-duration radio pulses that
flash unpredictably in the sky (Thornton et al. 2013; Petroff
et al. 2019; Cordes & Chatterjee 2019). They usually
present large dispersion measures1 (DMs) exceeding Galac-
tic values, suggesting a possible extra-galactic origin (Mac-
quart et al. 2020). Despite being discovered more than 15

? e-mail: giacomo.principe@ts.infn.it
1 Column density of free electrons along a line of sight which
is measured with delay of pulse arrival time as a function of
frequency.

years ago (Lorimer et al. 2007), their origin and emission
mechanism are not clearly understood.

After their discovery in 2007, more than a thousand
FRB events (from about 500 published FRB sources) have
so far been reported (see e.g. FRB catalogs Petroff et al.
2016; CHIME/FRB Collaboration et al. 2021). The first
repeating FRB (FRB20121102) was discovered by Spitler
et al. (2016). Since then, many FRBs have been found to
exhibit repeating bursts randomly in time. Despite several
attempts (e.g., Bera et al. 2016; Caleb et al. 2018), no clear
indications for physically different populations distinguish-
ing repeating and non-repeating sources have been identi-
fied. Very recently, Pleunis et al. (2021) showed that bursts
from repeating sources, on average, have larger widths and
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SN 2016ije: An SN 2002es-like Type Ia Supernova Exploded in a Metal-poor and Low-surface Brightness Galaxy
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ABSTRACT

We have conducted photometric and spectroscopic observations of the peculiar Type Ia supernova (SN Ia)
2016ije that was discovered through the Tsinghua-NAOC Transient Survey. This peculiar object exploded in
the outskirts of a metal-poor, low-surface brightness galaxy (i.e., Mg = −14.5 mag). Our photometric analysis
reveals that SN 2016ije is subluminous (MB,max = −17.65±0.06 mag) but exhibits relatively broad light curves
(∆m15(B) = 1.35±0.14 mag), similar to the behavior of SN 2002es. Our analysis of the bolometric light curve
indicates that only 0.14±0.04 M⊙ of 56Ni was synthesized in the explosion of SN 2016ije, which suggests a
less energetic thermonuclear explosion when compared to normal SNe Ia, and this left a considerable amount
of unburned materials in the ejecta. Spectroscopically, SN 2016ije resembles other SN 2002es-like SNe Ia,
except that the ejecta velocity inferred from its carbon absorption line (∼ 4500 km s−1) is much lower than
that from silicon lines (∼ 8300 km s−1) at around the maximum light. Additionally, most of the absorption
lines are broader than other 02es-like SNe Ia. These peculiarities suggest the presence of significant unburned
carbon in the inner region and a wide line-forming region along the line of sight. These characteristics suggest
that SN 2016ije might originate from the violent merger of a white dwarf binary system, when viewed near an
orientation along the iron-group-element cavity caused by the companion star.

zhangtm@nao.cas.cn
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New Near-Infrared Period-Luminosity-Metallicity Relations for Galactic RR Lyrae
Stars Based on Gaia EDR3 Parallaxes.

Bart lomiej Zgirski,1 Grzegorz Pietrzyński,1, 2 Marek Górski,1 Wolfgang Gieren,2
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1Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, Bartycka 18, 00-716 Warszawa, Poland
2Universidad de Concepción, Departamento de Astronomı́a, Casilla 160-C, Concepción, Chile
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4Universidad Católica del Norte, Instituto de Astronomı́a, Avenida Angamos 0610, Antofagasta, Chile
5Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, Rabiańska 8, 87-100, Toruń, Poland

ABSTRACT

We present new period-luminosity and period-luminosity-metallicity relations for
Galactic RR Lyrae stars based on a sample of 28 pulsators located at distances up to 1.5
kpc from the Sun. Near-infrared photometry was obtained at the Cerro Armazones Ob-
servatory and parallaxes were taken from the Gaia Early Data Release 3. Relations were
determined for the 2MASS JHKs bands and the WJK Wesenheit index. We compare
our results with other calibrations available in the literature and obtain very good agree-
ment with the photometry of RR Lyraes from the Large Magellanic Cloud anchored
using the distance to the Cloud, which based on detached eclipsing binaries. We find
that the dependence of absolute magnitudes on metallicity of 0.070 ± 0.042 mag/dex
(J− band) to 0.087 ± 0.031 mag/dex (WJK index) for the population of fundamen-
tal pulsators (RRab) that is in agreement with previously published phenomenological
works. We perform a refined determination of distance to the LMC based on our new
calibration and photometry from Szewczyk et al. (2008). We study the dependence
of the fitted parameters of fiducial relations and the LMC distance on the systematic
parallax offset.

Keywords: distance scale — infrared: stars — stars: variables: RR Lyrae – Galaxy:
solar neighborhood — galaxies: Magellanic Clouds

1. INTRODUCTION

RR Lyrae (RRL) stars are one of the most
studied types of variable stars (e.g., Catelan

bzgirski@camk.edu.pl

& Smith 2015, Bhardwaj 2020). They are
old (with ages of above 10 Gyr), metal-poor,
helium-burning stars from the intersection of
the instability strip and the horizontal branch.
These tracers of Population II may be found in
the bulge, halo, and thick disk of the Galaxy
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Dynamical Masses of Local Group Galaxies: IAU Symposium 379
Proceedings of IAU Symposium 379 No. ,
P. Bonifacio, M.-R. Cioni & F. Hammer, eds.
doi:10.1017/xxxxx

Strömgren photometric metallicity of the Small
Magellanic Cloud stars using Gaia DR3-XP spectra
Abinaya O. Omkumar1,2,3, Smitha Subramanian1, Maria-Rosa L. Cioni2, Jos de

Bruijne4

1 Indian Institute of Astrophysics, Koramangala II Block, Bangalore-560034, India
2Leibniz-Institut für Astrophysik Potsdam (AIP), An der Sternwarte 16. D-14482 Potsdam, Germany

3Institut für Physik und Astronomie, Universität Potsdam, Haus 28, Karl-Liebknecht-Str. 24/25, D-14476
Golm (Potsdam), Germany 4European Space Agency, ESTEC, Noordwijk, Netherlands

Abstract. Observational studies have identified several sub-structures in different regions of the Magellanic
Clouds, the nearest pair of interacting dwarf satellites of the Milky Way. By studying the metallicity of
the sources in these sub-structures, we aim to shed light on the possible origin of these sub-structures.
Spectroscopic metallicities exist only for a few thousand sources, mostly giant stars located in specific
regions of the galaxies. These metallicities come from different instruments at various spectral resolutions,
and systematic uncertainties hamper comparisons and draw firm conclusions about their origin. The third
data release of Gaia has provided us with ∼ 0.17 million XP spectra of the different stellar populations in
the SMC alone as faint as ∼ 18 mags in the G band, which are spread across ∼ 10◦ from the SMC centre. We
aim to determine the metallicities of these sources based on synthetic Strömgren photometry derived from
XP spectra and produce a high-resolution metallicity map of the SMC. Our metallicity gradient estimate of
the SMC turns out to be –0.062 ± 0.009 dex/deg. This is comparable with the previous estimates, which
also validates our method of metallicity estimation. We aim to apply this method to other stellar populations
and to the LMC to create a high-resolution metallicity map of the Magellanic Clouds.

Keywords. galaxies: Magellanic Clouds, galaxies: abundances, galaxies: evolution

1. Introduction
The Large Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC) are both gas-

rich interacting dwarf irregulars. Evidence shows that the LMC–SMC pair, also known as
the Magellanic Clouds (MCs), interacts with the Milky Way. And their proximity (∼ 55 kpc)
makes them an ideal laboratory in the Local Group to study galaxy interaction and evolution
processes in detail. Previous studies (Mackey et al. 2016; Pieres et al. 2017; Mackey et al.
2018; Belokurov & Erkal 2019; El Youssoufi et al. 2021) have identified multiple signatures
of interactions in the form of stellar sub-structures, over-densities and gaseous structures in and
around the MCs. Apart from these above-mentioned sub-structures, some dual populations of
intermediate/old stars (red clump; Omkumar et al. 2021 and red giant branch stars; Dobbie et
al. 2014) have also been identified and studied. The results showed that they have different
kinematics and are located at different distances. This could suggest that the dual popula-
tions formed during the interaction between the MCs and the stripped population’s kinematics
have been altered. If so, we expect similar metallicity ([Fe/H]) among the sources in these
populations. Investigating the nature and origin of these sub-structures is essential for a com-
prehensive understanding of the consequences of dynamical interactions. But to do so, we
need a metallicity estimate of a homogenous sample spread across the entire SMC, including
its outskirts, where a plethora of sub-structures have been identified. Until now, we have spec-
troscopic metallicities of about a few thousand sources in the SMC from various instruments
with different spectral resolutions. Comparing these estimates, which have different systematic

© International Astronomical Union, 2023
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Physics of Binary Star Evolution
— from Stars to X-ray Binaries and Gravitational Wave Sources

Thomas M. Tauris

Edward P.J. van den Heuvel

Princeton University Press

Authors’ LATEXversion of textbook in press — May, 2023

Direct link to textbook at publisher:
https://press.princeton.edu/books/hardcover/9780691179070/
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Frequency-Domain Distribution of Astrophysical Gravitational-Wave Backgrounds

Yonadav Barry Ginat,1, ∗ Robert Reischke,2, † Ivan Rapoport,1, ‡ and Vincent Desjacques1, §

1Physics department, Technion, Haifa 3200003, Israel
2Ruhr University Bochum, Faculty of Physics and Astronomy, Astronomical Institute (AIRUB),

German Centre for Cosmological Lensing, 44780 Bochum, Germany

The superposition of many astrophysical gravitational waves (GW) signals below typical detection
thresholds baths detectors in a stochastic gravitational wave background (SGWB). In this work
we present a Fourier space approach to compute the frequency-domain distribution of stochastic
gravitational wave backgrounds produced by discrete sources. The expressions for the moment
generating function and the distribution of observed (discrete) Fourier modes are provided. The
results are then applied to the SGWB originating from the mergers of compact stellar remnants
(black holes and neutron stars) in the Universe, which are found to exhibit a −4 power-law tail.
This tail is verified in the signal-to-noise ratio distribution of GWTC events. Furthermore, the
extent to which the subtraction of bright (loud) mergers gaussianizes the resulting confusion noise of
unresolved sources is illustrated. The power-law asymptotic tail for the SGWB, and an exponentially
decaying tail in the case of the confusion background, are also derived analytically. Our results
generalize to any background of gravitational waves emanating from discrete sources.

I. INTRODUCTION

The recent direct detections of gravitational waves
(GWs) from a binary black hole (BH) mergers [1–3] have
opened a new window to probe cosmic structure forma-
tion and evolution. However, the weakness of gravity
implies that the amplitude of gravitational waves is gen-
erally small. Therefore, unlike the “bright” (loud) binary
BH mergers detected so far, many astrophysical GW
sources will not be detected by forthcoming experiments.
The cumulative effect of a large number of astrophysical
GW sources on our past light-cone results in stochas-
tic gravitational wave backgrounds (SGWBs) and may,
when investigated, reveal details of their physical origin
[e.g. 4–30, and references therein]. The current upper
limit on the energy density of the SGWB produced by
mergers of compact stellar remnants in the Universe is
Ωgw ≤ 3.4 × 10−9 at f = 25 Hz (assuming a power-law
background of spectral index 2/3), derived from LIGO-
Virgo-KAGRA’s O3 run [31]. Future experiments such
as LISA or the Einstein Telescope [32–35] should probe
this background along with other SGWBs of cosmological
origin.

SGWBs of cosmological origin (such as the primordial
GWs produced by quantum fluctuations during inflation)
are nearly Gaussian random fields due to the random
nature of the sources [25, 36, for a review]. However, the
situation is more complex for backgrounds of astrophysi-
cal origin [see the discussion in 20] because wave-forms
produced by astrophysical sources such as compact bi-
naries are purely deterministic and coherent while the
source properties (masses, separation etc.) and spatial
distribution are intrinsically stochastic. In practice, bright

∗ ginat@campus.technion.ac.il
† reischke@astro.ruhr-uni-bochum.de
‡ ivanr@campus.technion.ac.il
§ dvince@physics.technion.ac.il

sources can be identified and subtracted out of the signal
(down to a threshold which depends on the sensitivity of
the detector), leaving behind a residual non-deterministic
signal known as confusion noise. The statistical proper-
ties of the residual background depends on the number
of superposed signals. In particular these are given by
the number of active sources N0, the duration T of the
experiment and the details of the bright source subtrac-
tion. The Central Limit Theorem (CLT) guarantees that
the distribution of the SGWB and resulting confusion
noise converges towards a Gaussian when N0 and/or T
tends to infinity. In this case, knowledge of the second
moment – the power spectrum – suffices to determine all
higher-order moments. For non-Gaussian backgrounds,
information is also encoded in higher-order moments.

In this work, we quantify the statistical properties of as-
trophysical SGWBs in frequency space using an approach
similar to that used, e.g., for the large scale structure of
the Universe [see, e.g., 37, 38]; and thereby extend the
study of [39] which focused on a time-domain analysis.
This allows us to precisely characterize the distribution
of the confusion noise as a function of detector sensitivity
etc. without resorting to Monte-Carlo simulations.

The paper is organized as follows: In §II, we spell
out our approach to calculate the distribution of SGWB
Fourier modes. We provide a general expression for the
moment generating function, the distribution of observed
(discrete) Fourier modes and their regularization, and
derive its large-strain asymptotic expansion analytically.
We apply our approach to the SGWB produced by merg-
ers of compact stellar remnants in the Universe. The
short presentation of the physical model in §III is fol-
lowed a detailed presentation of our results in §IV. After
we demonstrate the consistency of our approach with pre-
vious literature at the power spectrum level, we compute
the frequency-domain distribution of this SGWB and the
confusion noise obtained after the subtraction of bright
mergers. We conclude in §V. A flat ΛCDM cosmology
will be assumed throughout this paper [40].
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(Non)Null results of time-varying α in the meVSL

Seokcheon Lee∗

Department of Physics, Institute of Basic Science,

Sungkyunkwan University, Suwon 16419, Korea

(Received)

Abstract

In the expanding Universe, the dimensional quantities like the wavelength and the temperature of

photons are cosmologically redshifted by the relative difference between the observed and emitted

ones. Therefore, it can be physically meaningful to talk about the constancy or variability of

any dimensional constant (not only of dimensionless one) when the Universe is expanding. It has

been known that one can measure the temporal variation of the fine structure constant α in the

emission and absorption lines of quasar spectra when the speed of light varies for cosmic time,

even though this statement is model dependent. Current observations based on the alkali doublet

method and on the many-multiplet one show superficially contradictory results. The former finds

no statistically significant evidence for a time dependence of α, while the latter does. The so-called

meVSL model can reconcile these results naturally without any contradiction.

∗Electronic address: skylee@skku.edu
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X-ray polarization observations of IC 4329A with IXPE: Constraining the
geometry of the X-ray corona

Indrani Pal1,*, C. S. Stalin1, Rwitika Chatterjee2, Vivek K. Agrawal2

1Indian Institute of Astrophysics, Block II, Koramangala, Bangalore 560 034, India
2Space Astronomy Group, ISITE Campus, U. R. Rao Satellite Centre, Bangalore 560 037, India.
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Abstract. X-ray polarimetry is a powerful tool to probe the geometry of the hot X-ray corona in active galactic
nuclei (AGN). Here, we present our results on the characterisation of the X-ray polarization of the radio-quiet
Seyfert-type AGN IC 4329A at a redshift of 𝑧 = 0.016. This is based on observations carried out by the Imaging
X-ray Polarimeter (IXPE). IXPE observed IC 4329A on January 5, 2023, for a total observing time of 458 ks. From
the model-independent analysis, we found a polarization degree (Π𝑋 ) of 3.7±1.5% and a polarization position
angle (Ψ𝑋 ) of 61◦±12◦ in the 2−8 keV energy range (at 1𝜎 confidence level). This is also in agreement with the
values of Π𝑋 and Ψ𝑋 of 4.7±2.2% and 71◦ ±14◦ respectively obtained from spectro-polarimetric analysis of the I,
Q and U Stokes spectra in the 2−8 keV energy band (at the 90% confidence). The value of Π𝑋 in the 2-8 keV band
obtained from the model-independent analysis is lower than the minimum detectable polarization (MDP) value
of 4.5%. However, Π𝑋 obtained from spectro-polarimetric analysis in the 2-8 keV band is larger than the MDP
value. In the 3-5 keV band, we found Π𝑋 of 6.5 ± 1.8, which is larger than the MDP value of 5.5%. The observed
moderate value of Π𝑋 obtained from the analysis of the IXPE data in the 3−5 keV band argues against a spherical
lamp−post geometry for the X-ray corona in IC 4329A; however, considering simulations, the observed polarization
measurements tend to favour a conical shape geometry for the corona. This is the first time measurement of X-ray
polarization in IC 4329A. Measurements of the X-ray polarization in many such radio-quiet AGN will help in
constraining the geometry of the X-ray corona in AGN.

Keywords. Galaxies:active—Galaxies:Seyfert—Individual:IC 4329A.

1. Introduction

Active galactic nuclei (AGN), one among the luminous
objects in the Universe, are believed to be powered by
the accretion of matter onto super-massive black holes
(SMBHs;∼ 106 − 1010 𝑀�) situated at the centres of
galaxies (Lynden-Bell, 1969; Shakura&Sunyaev, 1973;
Antonucci, 1993; Rees, 1984; Urry & Padovani, 1995).
They emit over the entire accessible electromagnetic
spectrum, such as the high energy gamma-rays (Hart-
man 𝑒𝑡 𝑎𝑙., 1999), X-rays (Fabian, 2012), UV (Murray
𝑒𝑡 𝑎𝑙., 1995), optical (Boroson&Green, 1992), infrared
(Sanders & Mirabel, 1996) and radio (Condon 𝑒𝑡 𝑎𝑙.,
1991). The AGN come under two broad categories, a
majority of them emit less or no radio emission and are
called radio-quiet AGN, while a minority of about 10
per cent emit copiously in the radio band and are called
radio-loud AGN (Kellermann 𝑒𝑡 𝑎𝑙., 1989). Though
X-rays are emitted by the different classes of AGN, the
detailed physics of the cause of X-ray emission is less

understood and is highly debated. Also, the relative con-
tribution of the physical processes to the X-ray emission
may be different between the different classes of AGN.
In the radio-quiet category of AGN, the observed

X-ray emission is believed to be due to inverse Comp-
ton scattering of optical-UV radiation from the accre-
tion disk by hot electrons (∼ 108−9 K) in the corona, a
constituent of AGN (Haardt & Maraschi, 1991, 1993;
Haardt 𝑒𝑡 𝑎𝑙., 1994). The X-ray corona is believed to be
located close to the accretion disk, with microlensing
studies pointing it to be compact with the size of a few
gravitational radii (𝑟𝑔 = 𝐺𝑀/𝑐2;Chartas 𝑒𝑡 𝑎𝑙. 2016).
X-ray reverberation mapping studies also indicate the
corona to be compact, of the order of 3−10 𝑟𝑔 in radius
(Fabian 𝑒𝑡 𝑎𝑙., 2009).
Recent studies, most notably using observations

from the Nuclear Spectroscopic Telescope Array (NuS-
TAR, Harrison 𝑒𝑡 𝑎𝑙. 2013) were able to characterize the
nature of the corona in AGN, such as its temperature
(kTe) and variation in its temperature (Zoghbi 𝑒𝑡 𝑎𝑙.,

© Indian Academy of Sciences 1

ar
X

iv
:2

30
5.

09
36

5v
1 

 [
as

tr
o-

ph
.H

E
] 

 1
6 

M
ay

 2
02

3



MNRAS 000, 1–17 (2022) Preprint 17 May 2023 Compiled using MNRAS LATEX style file v3.0

Probing 𝑧 & 6 massive black holes with gravitational waves

Srĳa Chakraborty,1★ Simona Gallerani,1 Tommaso Zana,1 Alberto Sesana2,3

Milena Valentini,4,5,6,7 David Izquierdo-Villalba,2,3 Fabio Di Mascia,1 Fabio Vito 8

and Paramita Barai 9
1Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126 Pisa PI, Italy
2Dipartimento di Fisica “G. Occhialini”, Università degli Studi di Milano-Bicocca, Piazza della Scienza 3, I-20126 Milano, Italy
3INFN, Sezione di Milano-Bicocca, Piazza della Scienza 3, 20126 Milano, Italy
4 Universitäts-Sternwarte, Fakultät für Physik, Ludwig-Maximilians Universität München, Scheinerstr. 1, D-81679 München, Germany
5 Excellence Cluster ORIGINS, Boltzmannstr. 2, D-85748 Garching, Germany
6 INAF - Osservatorio Astronomico di Trieste, via Tiepolo 11, I-34131 Trieste, Italy
7Astronomy Unit, Department of Physics, University of Trieste, via Tiepolo 11, I-34131 Trieste, Italy
8 INAF - Osservatorio Astronomico di Bologna, via Piero Gobetti 93/3, I-40129 Bologna, Italy
9 Centro de Ciências Naturais e Humanas - Universidade Federal do ABC (CCNH-UFABC), Av. dos Estados 5001, Santo André - SP, 09210-580, Brazil

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

We investigate the coalescence of massive black hole (𝑀BH & 106 M�) binaries (MB-
HBs) at 6 < 𝑧 < 10 by adopting a suite of cosmological hydrodynamical simulations of
galaxy formation, zoomed-in on biased (> 3𝜎) overdense regions (𝑀ℎ ∼ 1012 M� dark
matter halos at 𝑧 = 6) of the Universe. We first analyse the impact of different resolutions
and AGN feedback prescriptions on the merger rate, assuming instantaneous mergers. Then,
we compute the halo bias correction factor due to the overdense simulated region. Our
simulations predict merger rates that range between 3 – 15 yr−1 at 𝑧 ∼ 6, depending on the
run considered, and after correcting for a bias factor of ∼ 20 − 30.
For our fiducial model, we further consider the effect of delay in the MBHB coalescence

due to dynamical friction. We find that 83 per cent of MBHBs will merge within the Hubble
time, and 21 per cent within 1 Gyr, namely the age of the Universe at 𝑧 > 6. We finally compute
the expected properties of the gravitational wave (GW) signals and find the fraction of LISA
detectable events with high signal-to-noise ratio (SNR > 5) to range between 66-69 per cent.
However, identifying the electro-magnetic counterpart of these events remains challenging
due to the poor LISA sky localization that, for the loudest signals (M𝑐 ∼ 106 M� at 𝑧 = 6), is
around 10 deg2.

Key words: Supermassive black holes – gravitational waves – galaxies: high-redshift

1 INTRODUCTION

It is now widely agreed that that the centres of nearby galaxies
host massive black holes (MBHs, 106 . 𝑀BH . 1010 M�) whose
masses correlates with several properties of the host galaxy itself
(e.g. Magorrian et al. 1998; Kormendy 2001). Observational evi-
dences also indicate the existence of bright quasars at 𝑧 & 6 (e.g.
Fan et al. 2006; Jiang et al. 2010) powered by super massive black
holes (SMBHs, 108 . 𝑀BH . 1010 M�) that are accreting close to
the Eddington rate. It is still a theoretical challenge to explain how
such SMBHs have been assembled within 1 Gyr after the birth of
the Universe.

★ E-mail: srĳa.chakraborty@sns.it

These bright, high-𝑧 quasars are expected to be located in mas-
sive dark matter (DM) halos (𝑀halo & 1012 M�). According to the
hierarchical structure formation scenario (e.g. White & Rees 1978;
Peebles 1980; Blumenthal et al. 1984), such massive DM halos
result from the mergers of smaller halos that formerly harboured
the initial seeds of the SMBHs we observe at 𝑧 ∼ 6. Several can-
didates have been proposed so far as SMBH seeds: (i) light seeds
(𝑀seed ∼ 10−100M�), formed as remnants of Pop III stars (Madau
et al. 1998;Heger et al. 2003;Yoshida et al. 2008;Hirano et al. 2015)
at 𝑧 ∼ 20−30; (ii) intermediate seeds (𝑀seed ∼ 1000M�), produced
in compact nuclear star clusters as a consequence of runaway stellar
mergers at 𝑧 ∼ 10−20 (Davies et al. 2011;Devecchi et al. 2012; Lupi
et al. 2014; Mapelli 2016; Reinoso et al. 2018); (iii) heavy seeds
or direct collapse black holes (DCBHs, 𝑀seed ∼ 104 − 106 M�),

© 2022 The Authors
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Dynamical modelling of ATLAS3D galaxies

Thater S. 1, Jethwa P.1, Lilley E. J.1, Zocchi A.1, Santucci G.2,3 and van de Ven G.1

1 Department of Astrophysics, University of Vienna, Türkenschanzstraße 17, 1180 Vienna
2 International Centre for Radio Astronomy Research (ICRAR), M468, University of Western Australia,

35 Stirling Hwy, Crawley, WA 6009, Australia
3 ARC Centre of Excellence for All Sky Astrophysics in 3 Dimensions (ASTRO 3D), Australia

Abstract. Triaxial dynamical models of massive galaxies observed in the ATLAS3D project can provide
new insights into the complex evolutionary processes that shape galaxies. The ATLAS3D survey is ideal as
the sample comprises a good mix of fast and slow rotators with vastly different mass assembly histories. We
present a detailed dynamical study with our triaxial modelling code DYNAMITE, which models galaxies
as a superposition of their stellar orbits. The models allow us to constrain the intrinsic shape of the stellar
component, the distributions of the visible and invisible matter and the orbit distribution in these nearby
early-type galaxies and to relate it with different evolutionary scenarios. Triaxial modelling is essential for
these galaxies to understand their complex kinematical features.

Keywords. Galaxies: kinematics and dynamics, Galaxies: structure

1. Introduction
Early-type galaxies (ETGs) are distinguished into two classes based on their apparent angu-

lar momentum: fast rotators and slow rotators (e.g. Emsellem et al. 2007; Cappellari et al.
2007; Emsellem et al. 2011). While fast rotators are nearly axisymmetric and often have an
oblate shape, slow rotators are weakly triaxial (but not far from isotropic). These two classes
likely depict two different channels of galaxy formation. Slow rotators are thought to have
assembled in the centres of massive halos and after an intense star formation period at high
redshift have evolved from gas-poor major mergers. In contrast, fast rotators have likely formed
out of star-forming discs and their evolution is dominated by gas accretion, bulge growth
and quenching (Cappellari 2016). In this study we investigate the evolutionary histories of
ATLAS3D galaxies by searching for imprints in their dynamically inferred intrinsic shapes and
stellar orbit distributions.

2. The ATLAS3D sample
ATLAS3D (Cappellari et al. 2011) is a multiwavelength survey that includes 260 ETGs

with stellar masses M∗ > 6 × 109 M� within the local volume (42 Mpc). The sample was
deduced from a parent sample which was carefully selected to be statistically representative
of the nearby galaxy population. About 25% of the ATLAS3D ETGs were classified as ellip-
tical galaxies and 75% as lenticular galaxies. The survey was carried out with the SAURON
integral field unit on the William Herschel Telescope. From these observations, detailed 2-
dimensional stellar kinematic maps of mean velocity, velocity dispersion, and h3 and h4
Gauss-Hermite polynomials with high S/N are available, which are ideal for our dynamical
study. The kinematics (e.g. Krajnović et al. 2011; Emsellem et al. 2011), star formation his-
tory (e.g. McDermid et al. 2015) and environment (e.g. Cappellari et al. 2011; Serra et al. 2012)
of the ATLAS3D galaxy sample have been extensively studied in the past decade, allowing us
to put our dynamical results in the context of galaxy assembly histories.

© International Astronomical Union, 2023
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A twisted and precessing Cepheid warp in the outer Milky Way disc
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ABSTRACT
We examine the Galactic warp in a sample of all classical Cepheids with Gaia DR3 radial velocity. In each radial bin, we determine
(1) the inclined plane normal to the mean orbital angular momentum of the stars and (2) that best fitting their positions. We find
no warping inside 𝑅 ≈ 11 kpc; for larger 𝑅 the disc is increasingly inclined, reaching 𝑖 ∼ 3◦ at 𝑅 ≥ 14 kpc. With larger 𝑅 the
azimuth of the warp’s ascending node shifts from 𝜑lon ≈ −15◦ at 11 kpc by about 14◦/kpc in the direction of Galactic rotation,
implying a leading spiral of nodes, the general behaviour of warped galaxies. From the method of fitting planes to the positions
we also obtain ¤𝜑lon and find prograde precession of ¤𝜑lon ∼ 12 km s−1 kpc−1 at 12 kpc decreasing to ∼ 6 km s−1 kpc−1 at 14 kpc
and beyond. This would unwind the leading spiral of nodes in ∼ 100 Myr, suggesting that our instantaneous measurements of ¤𝜑lon
reflect transient behaviour. This is consistent with existing simulations, which show oscillations in ¤𝜑lon overlaying a long-term
retrograde differential precession which generates the leading spiral of nodes.

Key words: Galaxy: kinematics and dynamics – Galaxy: structure – Galaxy: disc – galaxies: spiral – stars: variables: Cepheids

1 INTRODUCTION

At least half of all edge-on spiral galaxies appear to be warped
(Sánchez-Saavedra, Battaner & Florido 1990; Bosma 1991; García-
Ruiz, Sancisi & Kuĳken 2002). Since a warp is not detectable from
all edge-on orientations, this implies that in fact most disc galaxies
are warped. The simplest model conceptualizes a warp as a sequence
of nested rings in circular motion, each tilted with respect to the flat
inner galaxy. Briggs (1990) fitted such tilted-ring models to the H i
distribution of spiral galaxies and found the warp typically begins
near the Holmberg radius and reaches tilt angles of 5-20◦, though
values up to 90◦ (for polar-ring galaxies) also occur. As soon as
an appreciable tilt is reached, its orientation can be measured, and
Briggs (1990) found them to vary with radius such that the line of
nodes forms a leading spiral (‘Briggs’ rule’).

The H i warp of the Milky Way is clearly visible in 21cm emission
(Burke 1957; Westerhout 1957; Henderson, Jackson & Kerr 1982).
Using kinematic distances, Burton (1988) found it to commence at
𝑅 = 10 kpc with increasing tilt (3◦ at 16 kpc, which for the Milky
Way corresponds the Holmberg radius), but also to being lopsided
outside 14.5 kpc (from Burton 1988 Fig. 7.19 after correcting for his
too large value for 𝑅0). Whether or not the Galactic H i warp is twisted
with a leading spiral of nodes, as for external galaxies, is difficult to
assess, since (i) the lopsidedness complicates the picture and (ii) the
line of nodes is close to the anti-centre direction, where kinematic
distances are unavailable. Burton (1988)’s analysis suggests a twist
(in the same sense as seen in external galaxies) inside 14.5 kpc, while
Levine et al. (2006, also using kinematic distances) concluded that
the data are consistent with the line of nodes being in the anti-centre
direction at all radii.

The Milky-Way warp is also manifest in the distribution of stars
and dust across the sky (Djorgovski & Sosin 1989; Freudenreich

et al. 1994; Drimmel & Spergel 2001; López-Corredoira et al. 2002;
Reylé et al. 2009, among others), but for a quantitative analysis the
distances to the tracers are required. Accurate astrometric parallax
measurements only reach as far as 100 pc (Hipparcos) and 3-5 kpc
(Gaia, depending on magnitude), i.e. the (extended) Solar neighbour-
hood. Nonetheless, the stellar warp has been identified in this region
(Chrobáková et al. 2022), in particular through the variation of the
mean vertical motion with position, from Hipparcos (Dehnen 1998;
Drimmel et al. 2000) and more clearly from Gaia data (Schönrich &
Dehnen 2018; Poggio et al. 2018, 2020; Cheng et al. 2020). For more
extended studies of the stellar warp, less accurate photometric dis-
tances can be utilized (López-Corredoira et al. 2014; Romero-Gómez
et al. 2019; Cheng et al. 2020; Li et al. 2020), but the large system-
atic distance uncertainties (e.g. from misclassification and extinction)
risk bungling properties inferred for the warp. More recently, suffi-
ciently large samples of Galactic Cepheids with accurate distances
became available. These provide a wide view over the young stellar
disc on our side of the Milky Way and clearly show the warp structure
(Skowron et al. 2019b,a; Chen et al. 2019; Lemasle et al. 2022).

Most of these studies represent the mean vertical displacement of
stars via an azimuthal Fourier series,

𝑧(𝑅, 𝜑) = 𝑍0 + 𝑍1 sin(𝜑 − 𝜓1) + 𝑍2 sin 2(𝜑 − 𝜓2) (1)

with amplitudes 𝑍𝑚 and phases 𝜓𝑚 that are functions of radius 𝑅.
An inclined plane with inclination 𝑖 � 90◦ produces an 𝑚 = 1
component with amplitude 𝑍1 = 𝑅 tan 𝑖 and line of nodes 𝜑lon = 𝜓1;
𝑚 = 0 corresponds to an overall vertical offset of the disc and 𝑚 = 2
a saddle-shaped bend, rendering the warp lopsided. Many of the
aforementioned studies restrict themselves to the 𝑚 = 1 component,
limit the 𝜓𝑚 to constants, and the 𝑍𝑚 (𝑅) to simple functional forms.
Their findings for the stellar warp agree reasonably well with those
found for H i: the warp begins at ∼ 11 kpc and reaches tilts of ∼ 3◦

© 2023 The Authors
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Perturbation theory is a powerful tool for studying large-scale structure formation in the universe
and calculating observables such as the power spectrum or bispectrum. However, beyond linear
order, typically this is done by assuming a simplification in the time-dependence of gravitational-
coupling kernels between the matter and velocity fluctuations. Though the true dependencies are
known for Lambda cold dark matter cosmologies, they are ignored due to the computational costs
associated with considering them in full and, instead, are replaced by simpler dependencies valid for
an Einstein–de-Sitter cosmology. Here we develop, implement and demonstrate the effectiveness of a
new numerical method for finding the full dynamical evolution of these kernels to all perturbative
orders based upon spectral methods using Chebyshev polynomials. This method is found to be
orders of magnitude more efficient than direct numerical solvers while still producing highly accurate
and reliable results. A code implementation of the Chebyshev spectral method is then presented
and characterised. The code has been made publicly available alongside this paper. We expect our
method to be of use for interpretation of upcoming galaxy clustering measurements.

I. INTRODUCTION

Studying the history of large-scale structure (LSS) formation in our Universe is crucial to modern cosmology. The
highly structured cosmic web of galaxy clusters, sheets, walls, filaments and voids present in the late-time Universe
arises from evolution under gravity of small, primordial fluctuations in the density and velocity of matter, believed to
have been sourced during a period of cosmic inflation. LSS therefore encodes information on the primordial fluctuations
as well as the expansion history, geometry and matter content of the Universe, which affect the subsequent evolution
of the perturbations.
Theoretical studies of LSS aim to predict the statistical properties of the clustering of the matter density (and

associated velocity), for example, the power spectrum and higher-point correlation functions. These can be compared
with the observed statistics of the clustering of galaxies since the galaxy over-density on large scales traces the matter
over-density. Such comparisons are complicated by two issues, however. Firstly, galaxies need not necessarily follow the
underlying matter distribution exactly, although on the largest cosmological scales the relation for galaxies is essentially
linear with a constant of proportionality known as galaxy bias, while on smaller, mildly nonlinear scales, corrections
can be treated perturbatively [1]. Secondly, we have the issue that each galaxy’s redshift depends not only on distance
but also on its peculiar velocity via the Doppler effect [2, 3]. Furthermore, these velocities are not random but instead
correlate with the matter density field itself. This alters galaxy statistics by producing redshift-space distortions
(RSDs), also introducing features such as the well-known “Fingers of God” [3]. These issues are compounded by
the fact that we are now entering the era of high-precision cosmology with large galaxy surveys such as Euclid [4],
DESI [5], Rubin [6] and Roman [7]. Here, it becomes necessary to quantify these effects fully, lest they introduce
greater uncertainties or issues of biased parameter estimation.

Given the small amplitude of the primordial fluctuations, perturbation theory is a very powerful tool for calculating
the evolution of fluctuations in cosmological fields. For early-time observables, such as the cosmic microwave background
(CMB), linear perturbation theory is an excellent description. Accurate predictions for the CMB power spectra can be
calculated in this way (e.g., [8, 9]) and their comparison with measurements of the CMB temperature and polarization
anisotropies has been instrumental in establishing the standard model of cosmology, the Lambda cold dark matter
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learning models
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ABSTRACT

Solar flares are energetic events in the solar atmosphere that are often linked with solar radio bursts (SRBs). SRBs are observed at
metric to decametric wavelengths and are classified into five spectral classes (Type I–V) based on their signature in dynamic spectra.
The automatic detection and classification of SRBs is a challenge due to their heterogeneous form. Near-realtime detection and
classification of SRBs has become a necessity in recent years due to large data rates generated by advanced radio telescopes such
as the LOw Frequency ARray (LOFAR). In this study, we implement congruent deep learning models to automatically detect and
classify Type III SRBs. We generated simulated Type III SRBs, which were comparable to Type IIIs seen in real observations, using a
deep learning method known as Generative Adversarial Network (GAN). This simulated data was combined with observations from
LOFAR to produce a training set that was used to train an object detection model known as YOLOv2 (You Only Look Once). Using
this congruent deep learning model system, we can accurately detect Type III SRBs at a mean Average Precision (mAP) value of
77.71%.

Key words. solar radio bursts, deep learning, generative adversarial network, YOLO

1. Introduction

Solar flares are the most intense explosive events in the solar
system (Lin 2011). The accelerated particles emit light across
the electromagnetic spectrum, from gamma rays to radio waves.
High-intensity radio emission characterizes solar radio bursts
(SRBs), which manifest as complex signals in dynamic spectra.
Based on the structure of their dynamic spectra, SRBs are di-
vided into five categories, ranging from Type I to Type V (Pick M
2009). Because Type III bursts can occur hundreds of times each
day, detecting them and understanding their spectral features is
a computational challenge. This problem has become even more
difficult in recent years, with the development of technologies
such as the LOw-Frequency ARray (LOFAR; Van Haarlem et al.
2013), which provides high-volume data streams (up to 3 Gb/s
at a single station) of radio burst observations that need to be
classified accurately in real-time. With the development of LO-
FAR for Space Weather (LOFAR4SW; Carley et al. 2020a), a
system update aimed at autonomously monitoring solar radioac-
tivity, the need for automated data pipelines for solar radio bursts
has become more immediate. Presently, software pipelines for
autonomously detecting SRBs will be an essential component
of such a system. The research presented in this paper identifies
deep learning as an important component of such a pipeline.

Recent work on object detection algorithms, such as You
Only Look Once (YOLO; Redmon et al. 2016), classification al-
gorithms, such as Support Vector Machines (SVM; Evgeniou &
Pontil 2001) and Random Forest (RF; Louppe 2014), has shown
the need for a high-quality simulated training set to improve the
accuracy and robustness of algorithms when classifying and de-
tecting Type III SRBs (Carley et al. 2020b). The work presented
in this paper shows the crucial role that Generative Adversarial

Networks (GANs) (Goodfellow et al. 2020) play in generating
simulated images for such training sets.

Creating training sets for SRB classification using conven-
tional techniques frequently involves the tedious effort of comb-
ing through large data archives to locate and collate pertinent
Type III SRB images. Generating simulated data significantly
reduces this task through generation of data that not only look
like SRBs but also creates it in volume and in a short period of
time. Previously, a significant number of SRB-like images were
produced using parametric modeling (Kalkan et al. 2018). This
method produced Type III SRBs that were random in number,
grouping, intensity, drift rate, heterogeneity, start-end frequency,
and start-end duration, all of which are traits of a Type III. How-
ever, compared to Type IIIs observed in daily observations, these
images lacked realism.

Several non-machine learning attempts have been made to
automatically classify SRBs in dynamic spectra. Current algo-
rithms implement the Hough or Radon transform methods as
a way of recognizing specified parametric shapes in images
(Lobzin et al. 2014). Depending on the type of radio burst be-
ing categorized, these algorithms can reach up to 84% accu-
racy. Other methods include Constant-False-Alarm-Rate detec-
tion (Lu et al. 2004), which is essentially the detection of radio
bursts in dynamic spectra employing de-noising and adaptive
threshold. The method works well with various types of radio
bursts and has been reported to have a 70% accuracy.

Through the application of multi-modal deep learning to a
spectrogram at millimetric wavelengths, deep neural networks
have been shown to be highly successful at detecting SRBs (Ma
et al. 2017). The technique combines auto-encoders and regular-
ization to achieve an accuracy of 82% in burst detection, but it
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S-type stars from LAMOST DR10: classification of intrinsic and extrinsic stars
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ABSTRACT

In this paper, we found 2939 S-type stars from LAMOST Data Release 10 using two machine-

learning methods, and 2306 of them were reported for the first time. The main purpose of this

work is to study how to divide S-type stars into intrinsic and extrinsic stars with photometric data

and LAMOST spectra. Using infrared photometric data, we adopted two methods to distinguish S-

type stars, i.e., XGBoost algorithm and color-color diagrams. We trained XGBoost model with 15

input features consisting of colors and absolute magnitudes of Two Micron All Sky Survey (2MASS),

AllWISE, AKARI, and IRAS, and found that the model trained by input features with 2MASS,

AKARI, and IRAS data has the highest accuracy of 95.52%. Furthermore, using this XGBoost model,

we found four color-color diagrams with six infrared color criteria to divide S-type stars, which has an

accuracy of about 90%. Applying the two methods to the 2939 S-type stars, 381 (XGBoost)/336 (color-

color diagrams) intrinsic and 495 (XGBoost)/82 (color-color diagrams) extrinsic stars were classified,

respectively. Using these photometrically classified intrinsic and extrinsic stars, we retrained XGBoost

model with their blue and red medium-resolution spectra, and the 2939 stars were divided into 855

intrinsic and 2056 extrinsic stars from spectra with an accuracy of 94.82%. In addition, we also found

four spectral regions of Zr I (6451.6 Å), Ne II (6539.6 Å), Hα (6564.5 Å), and Fe I (6609.1 Å) & C I

(6611.4 Å) are the most important features, which can reach an accuracy of 92.1% when using them

to classify S-type stars.

Keywords: stars: late-type — stars: AGB and post-AGB — stars: evolution — methods: data analysis

— techniques: spectroscopic

1. INTRODUCTION

S-type stars are characterized by distinct ZrO molec-

ular bands in the spectra, and their C/Os range from

0.5 to just below unity. S-type stars have been tra-

ditionally considered for a long time as intermediate

red giants between M-type stars (C/O < 0.5) and car-

bon stars (C/O > 1.0) and in the evolution sequence

of M-S-C at the asymptotic giant branch (AGB) phase

(Merrill 1952). The spectra of S-type stars show a sig-

nificant s-process elements overabundance, which are

thought to be caused by the third dredge-up during the

thermally pulsing asymptotic giant branch (TP-AGB)

phase. However, this understanding was challenged

when Jorissen & Mayor (1988) found the S-type stars

Corresponding author: Yin-Bi Li & A-Li Luo

* ybli@bao.ac.cn lal@nao.cas.cn

without Tc, which were later discovered that they are

red giant branch (RGB; Jorissen & Mayor (1992)) or

early AGB (Busso et al. 1992) in binary systems. The

disappearance of Tc (a s-process element without stable

isotopes with a half lifetime of about 2 ∗ 105 yr) in these

binary systems is due to its decay during the process of

mass transfer. Hence, S-type stars can be classified into

two different groups: Tc-rich S-type stars (intrinsic) and

Tc-poor S-type stars (extrinsic; Van Eck et al. (2022)).

The intrinsic S-type stars with Tc and other s-process

elements are caused by the third dredge-up in the TP-

AGB stage, while the extrinsic S-type stars without Tc

and their s-process elements’ enrichment is caused by the

mass transfer from the companion stars, which were for-

merly AGB stars and are white dwarf (WD) stars now.

In addition, Shetye et al. (2020) recently discovered two

peculiar bitrinsic S stars, which have properties of both

the intrinsic and extrinsic stars.
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1 ESO

The European Southern Observatory 
(ESO) implemented a new paradigm 
called Distributed Peer Review (DPR) as 
part of its proposal evaluation process 
in Period 110. Under DPR, Principal 
Investigators who submit proposals 
agree to review a certain number of 
proposals submitted by their peers and 
accept that their own proposal(s) are 
reviewed by their peers who have also 
submitted proposals in the same cycle. 
This article presents a brief overview of 
the DPR process at ESO, and its out-
comes based on data from periods 110 
and 111.

DPR introduction and ESO DPR P110 
and P111 overview

The Distributed Peer Review (DPR) para-
digm should be seen not only as an inno-
vative concept, but above all as a natural 
consequence of the increased number  
of proposals requiring review. Different 
opinions on whether the expert panel 
review model needed revision have been 
put forward more than once since its 
inception a couple of centuries back. 
However, the recently increased numbers 
of applications for observing time made 
this issue more pressing and challenging 
for all large astronomical facilities and 
their time allocation processes. To keep 
logistical aspects manageable and, at the 
same time, to ensure a high-quality pro-
posal evaluation, peer review by standard 
expert panels has become a less and 
less viable option, calling for suitable and 
sustainable alternatives. 

The DPR concept was first introduced 
and formalised by Merrifield & Saari 
(2009). The general idea underlying it  
is that submitted proposals are not 
reviewed by pre-selected expert panels 

but rather by fellow PIs who have also 
applied for observing time, hence actually 
staying true to the very concept of peer 
review, in which the applicants and the 
referees are at the same level. Gemini  
Observatory pioneered the adoption  
of DPR for telescope time allocation in 
their Fast Turnaround channel in 2015 
(Andersen, 2020). DPR was first consid-
ered at ESO following a report by the Time 
Allocation Working Group (Patat, 2018), 
which turned into a successful DPR exper-
iment that was conducted on a voluntary 
basis alongside the panel review (Patat et 
al., 2019). DPR was deployed for ALMA 
time allocation in 2021 for Cycle 8 (Meyer 
et al., 2022), followed by ESO in 2022 for 
Period 110. In this article we present a sta-
tistical analysis of the first two semesters.  

In P110 and P111 proposals requesting 
more than 16 hours of observing time 
and special programmes (for example, 
Targets of Opportunity, Calibration Pro-
posals, and joint XMM-Newton propos-
als) were evaluated by expert panels and 
approved by the Observing Programmes 
Committee (OPC). The 16-hour limit was 
chosen to produce a balanced distribu-
tion between DPR and panels, effectively 
reducing the load on the panels by a fac-
tor of two, while leaving about 80% of the 
time under their control. The threshold 
value was defined in the Call for Propos-
als for the corresponding period, and it 
might be adjusted in future. The DPR 
channel evaluated 435 proposals distrib-
uted to 379 reviewers in P110 and 417 
proposals with 362 reviewers in P111.

The DPR scheme was set up so that PIs 
(or delegated PIs) submitting proposals 
that qualified for DPR had to agree — at 
time of submission — to evaluate 10 pro-
posals per submitted (DPR) proposal. They 
also had the option of selecting one of the 
proposal co-Is as the delegated DPR 
reviewer. Failing to do this by the set dead-
line would result in the automatic rejection 
of their proposal/s. This guaranteed that 
each proposal received 10 independent 
grades (from 1 to 5) and comments. 

Expertise evaluation and proposal 
assignment

An important aspect of any peer review 
process is the set of criteria that are used 

to assign proposals to the reviewers.  
The ESO DPR in P110 and P111 aimed for 
expert peer review in which proposals 
were assigned to reviewers with expertise 
as close as possible to the science case 
of the proposals. Thus, the expertise level 
for each proposal-reviewer pair needed 
to be evaluated and the assignment algo-
rithm was then responsible for an optimal 
proposal distribution that maximised the 
match overall. 

Reviewer-proposal expertise score

The Phase 1 tool (P1)1 introduced by 
Primas et al. (2019) has revolutionised the 
way proposals are submitted to ESO. In 
order to submit a proposal, users must 
have a User Portal account, where they 
must provide information about their 
career stage, affiliation, and scientific 
expertise through keywords. These key-
words are grouped into classes such as 
Cosmology, Galaxies and Galactic Nuclei, 
Interstellar Medium, Star Formation and 
Planetary Systems, and Stellar Evolution. 
Each proposal submitted through the P1 
tool must include a subset of these key-
words that describe the proposal’s science 
scope (up to five and a minimum of three).

In each case, the keywords are specified 
by the applicant in decreasing order of 
relevance. This information is then used 
to compose a knowledge vector for each 
proposal and each reviewer. For each 
reviewer-proposal pair, it is then possible 
to compute the scalar product of their 
respective knowledge vectors, resulting 
in what we will refer to as the match 
score. In other words, the match score is 
a figure of merit describing how parallel 
the two vectors are. The match scores 
range from 0 (no match), through 1 (match 
within a science category), to 2 (perfect 
full match). This information provides 
essential input for the assignment process 
and is used to ensure that proposals are 
assigned in a controlled way to the most 
qualified reviewers.

Proposal-reviewer matching

The proposal assignment is a thorough 
and methodical process that takes into 
account various factors to ensure the 
best possible match between proposals 
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Abstract. Classical T Tauri stars are low-mass pre-main sequence stars with an active circumstellar environment.
In this work we present the identification and study of 260 Classical T Tauri stars using LAMOST Data Release 6,
among which 104 stars are newly identified. We distinguish Classical T Tauri stars from Giants and main-sequence
dwarfs based on the log g values and the presence of Hα emission line and infrared excess that arises from the
circumstellar accretion disk. We estimated the mass and age of 210 stars using the Gaia color-magnitude diagram.
The age is from 0.1 to 20 Myr, where 90% of the stars have age below 10 Myr and the mass ranges between 0.11
to 1.9 M�. From the measured Hα equivalent widths, we homogeneously estimated the mass accretion rates for
172 stars, with most values ranging from 10−7 – 10−10 M�yr−1. The mass accretion rates are found to follow a
power law distribution with the mass of the star, having a relation of the form Ṁacc ∝ M1.43±0.26

∗ , in agreement with
previous studies.

Keywords. emission-line star–Classical T Tauri star–accretion.

1. Introduction

Gravitational collapse of cold interstellar clouds gives
birth to the dense core in the protostellar phase. The
dense core is embedded in the gas and dust associated
with the molecular cloud. As it evolves, the embedded
gas and dust will disappear, resulting in a circumstel-
lar disk around it (Yoshida et al., 2008; Stacy et al.,
2009). This stage of a star is called pre-main sequence
(PMS) phase. PMS stars are young and are found
in varying mass and size. Generally, they are clas-
sified as intermediate-mass and low-mass PMS stars.
Young, early-type stars belonging to spectral types B,
A, till mid-F-type, with a mass range of 2 – 10 M�
are intermediate-mass PMS stars, and those showing
emission-lines in their spectrum are Herbig Ae/Be stars
(HAeBe; Herbig, 1960). The low-mass (< 2 M�) coun-
terparts are T Tauri stars (TTS) which were defined by
Joy (1945) as objects associated with nebulosity show-
ing characteristic emission-line spectrum. These stars
belong to the spectral type ranging from mid-F-type till
late M-type and are found to be systematically brighter
than main-sequence stars of the same spectral type (Hil-
lenbrand, 1997).

Generally, TTS are classified as classical-T Tauri
stars (CTTS) and weak-line T Tauri stars (WTTS).
CTTS have strong magnetic fields (Guenther et al.,
1999; Feigelson et al., 2003) through which matter is
channeled from the inner circumstellar disk to the stel-
lar surface. The hotspots formed due to the infalling
material on the stellar surface results in excess emis-
sion in ultraviolet and optical continuum (Gullbring
et al., 1998; Koenigl, 1991; Hartmann et al., 2016).
Along with these signatures, CTTS show line emis-
sion (particularly Hα), and infrared (IR) excess due
to the presence of circumstellar disk (Gullbring et al.,
1998; Muzerolle et al., 2003). On the contrary, WTTS
present little or no evidence for accretion and IR excess
as compared to CTTS (Hartigan et al., 1995). Hence-
forth, WTTS can be assumed to be in a more advanced
stage of stellar evolution, with no circumstellar accre-
tion disks, indicating the origin of Hα emission line
entirely from chromospheric activities (Bertout, 1989;
Hartmann et al., 1994). Thus, several studies have
proposed IR excess as well as the equivalent width of
Hα [EW(Hα)] emission line as criteria to distinguish
CTTS from WTTS. In addition, homogeneous spec-
troscopic studies of these young stellar objects (YSO)

© Indian Academy of Sciences 1
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ABSTRACT
We use the latest parallaxes measurements from Gaia DR3 to obtain a geometric calibration of the tip of the
red giant branch (TRGB) in Cousins I magnitudes as a standard candle for cosmology. We utilise the following
surveys: SkyMapper DR3, APASS DR9, ATLAS Refcat2, and Gaia DR3 synthetic photometry to obtain multiple
zero-point calibrations of the TRGB magnitude, MTRGB

I . Our sample contains Milky Way halo stars at high galactic
latitudes (|b| > 36) where the impact of metallicity, dust, and crowding are minimised. The magnitude of the TRGB
is identified using Sobel edge detection, but this approach introduced a systematic offset. To address this issue, we
utilised simulations with PARSEC isochrones and showed how to calibrate and remove this bias. Applying our method
within the colour range where the slope of the TRGB is relatively flat for metal-poor halo stars (1.55 < (BP −RP ) <

2.25), we find a weighted average MTRGB
I = −4.042± 0.041 (stat) ±0.031 (sys) mag. A geometric calibration of the

Milky Way TRGB has the benefit of being independent of other distance indicators and will help probe systematics
in the local distance ladder, leading to improved measurements of the Hubble constant.

Key words: parallaxes, cosmology: distance scale, stars: distances

1 INTRODUCTION

The tip of the red giant branch (TRGB) is a widely used
standard candle that can be used to measure distances up to
10 Mpc with ∼5% precision. This is the essential first step
of the astronomical distance ladder which requires a zero-
point calibration of standard candles, commonly achieved us-
ing Cepheid variable stars. This forms a path to measuring
the absolute magnitude of type Ia supernovae (SNe Ia) in
nearby anchor galaxies, and then to measure the Hubble con-
stant (H0) (Dhawan et al. 2020; Khetan et al. 2021; Freedman
2021; Riess et al. 2022).
The present state of cosmology is facing a major crisis

known as the Hubble tension, where there is a fundamen-
tal disagreement in the measurements of H0, with a tension
of around 5 − 6σ in H0 (see a review in Di Valentino et al.
2021). The most significant discrepancy is between the val-
ues derived from modeling the cosmic microwave background
(CMB) (Planck Collaboration et al. 2018) and the local dis-
tance ladder method that uses Cepheids (Riess et al. 2022).
The TRGB is an alternative to the Cepheids and impor-

tantly allows H0 to be measured independently of other dis-
tance indicators, eliminating one source of systematic uncer-
tainty in H0. Freedman (2021) provides the most significant
measurement of H0 with the TRGB, utilising SNe Ia host
galaxies from the Carnegie Supernova Project and found a
value comparable to that of CMB observations. However,
there are other TRGB studies that have produced higher val-

ues of H0, which are closer to the Cepheid value and depend
on the calibrator and combination of other techniques (Yuan
et al. 2019; Reid et al. 2019; Dhawan et al. 2022; Anand et al.
2022; Anderson et al. 2023).
The TRGB is a stage in the stellar evolution of low-mass

(< 2M⊙) red giant branch (RGB) stars (see a review in
Serenelli et al. 2017). Initially, these stars ascend the red giant
branch, increasing in brightness, as hydrogen is fused in a thin
shell surrounding an inert helium core sustained by electron
degeneracy pressure. Upon reaching a critical temperature,
helium fusion starts, leading to a sudden temperature rise.
This event, known as a helium flash, decreases electron de-
generacy in the core, causing it to expand and produce a sud-
den increase in luminosity before the star’s brightness fades,
and it descends to the horizontal giant branch. This flash oc-
curs at a characteristic magnitude and allows these stars to
be used as a standard candle. Importantly, the TRGB lumi-
nosity is largely insensitive to metallicity and stellar mass in
the Cousins I-band for metal-poor stars (Da Costa & Arman-
droff 1990; Lee et al. 1993; Serenelli et al. 2017). The slope as
a function of colour becomes more significant in other bands,
and also with increasing metallicity, where the tip decreases
in brightness and gets redder.
There have been a number of attempts to obtain a zero-

point calibration of the TRGB luminosity and measure dis-
tances in the local universe (e.g Lee et al. 1993; Madore et al.
2008; Hatt et al. 2017; Freedman et al. 2019). Initially, the
TRGB was observed using colour-magnitude diagrams of halo

© 2023 The Authors
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ABSTRACT
This article reports a sample of 1830 strong [O iii]λ5007 emission-line compact galaxies discovered

with the LAMOST spectroscopic survey and the photometric catalog of SDSS. We newly identify 402
spectra of 346 strong [O iii]λ5007 emission-line compact galaxies by finding compact isolated point
sources. Combined with the samples in our previous work (Liu et al. 2022), this returns a sample of
1830 unique strong [O iii]λ5007 emission-line compact galaxies with 2033 spectra of z ≤ 0.53. For
the sources with 2σ [O iii]λ4363 detections, we calculate the gas-phase metallicity with the direct-Te
method, and verify that the strong-line metallicity diagnostics calibrated with the direct-Te method
also applies to this sample. The strong [O iii]λ5007 emission-line compact galaxies fall below several
Te-calibrated mass-metallicity relations. The N/O measurements of the strong [O iii]λ5007 emission-
line compact galaxies mainly locate at a plateau at low metallicity, indicating the product of primary
nucleosynthesis. The Ne3O2 and O32 relation follows a tight linear relation with no redshift evolution.
The Ne3O2 anti-correlates with the stellar mass, and at fixed stellar mass the Ne3O2 increase with
the redshift. Eight sources with asymmetric [O iii]λ5007 emission-line profiles have been identified,
however with no [O iii]λ4363 detection, which proves the rich metal content and complex ionized gas
kinematics within the galaxies. Higher-resolution spectroscopy will be necessary to identify the ionized
gas components in detail.

Keywords: Chemical abundances (224), Compact galaxies (285), Metallicity (1031)

1. INTRODUCTION
Strong [O iii]λ5007 emission-line compact galaxies are

well-known for their unique color, compactness, high
star formation rate (SFR), low metallicity, and being in
isolated environments (Cardamone et al. 2009). Accord-
ing to the redshifts and correspondingly the change of
color, strong [O iii]λ5007 emission-line compact galaxies
are also called Blueberry galaxies (at z ≤ 0.05), Green
Pea galaxies (0.112 ≤ z < 0.36) and Purple Grape galax-
ies (0.05 < z < 0.112 and 0.36 ≤ z ≤ 0.53).
In our previous work (Liu et al. 2022), we selected 1694

spectra with 1547 unique objects from the dedicated and
non-dedicated survey in the LAMOST spectra database

Corresponding author: A-Li Luo, Wei Zhang
* lal@nao.cas.cn, xtwfn@bao.ac.cn

(Wang et al. 1996; Su & Cui 2004; Luo et al. 2012).
We further analyze the star formation rate (SFR), the
mass-metallicity relation (MZR), and the environment
of these samples. In this work, in joint with newly iden-
tified strong [O iii]λ5007 emission-line compact galax-
ies, we compile a large sample of the strong [O iii]λ5007
emission-line compact galaxies and discuss the metal-
licity of the ionized gas. In the following discussion,
these samples are called strong [O iii]λ5007 emission-
line compact galaxies, which consist of 2033 spectra of
1830 unique galaxies.
The galaxies’ gas-phase metallicity and ionization pa-

rameter provides rich information about their chemical
evolution, among which gas-phase oxygen abundances
are the best approach to measure the current metallicity.
Emission lines in the spectra of the star-forming galaxies
are acquired conveniently across different redshift ranges
and thus are potent indicators of chemical compositions.
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ABSTRACT
Numerical simulations predict that the spin-down rate of a single rotation-powered neutron star depends on the angle 𝛼 between
its spin and magnetic axes as 𝑃 ¤𝑃 ∝ `2 (𝑘0 + 𝑘1 sin2 𝛼), where 𝑃 is the star spin period, ` is its magnetic moment, while
𝑘0 ∼ 𝑘1 ∼ 1. Here we describe a simple observational test for this prediction based on the comparison of spin-down rates of 50
nearly orthogonal (with 𝛼 close to 90 deg) and 27 nearly aligned (with 𝛼 close to 0 deg) pulsars. We found, that the apparent
pulsar spin-down is consistent with the theory if assumed, that magnetic moments of orthogonal rotators are systematically larger
than those of aligned ones for ∼ 0.15..0.2 dex. Also, as a by-product of the analysis, we provide yet another constraint on the
average braking index of radio pulsars as 1 ≤ 𝑛 ≤ 4 with formal significance not worse than 99%.

Key words: stars:neutron – stars:pulsars:general – methods:statistical

1 INTRODUCTION

Life and observational properties of neutron stars (NS) significantly
depend on the strength and structure of their magnetic fields. For
instance, evolution of spin period 𝑃 of an isolated, spherical neutron
star with dipole magnetic field (a pulsar) is expected to follow the
equation

𝑃
𝑑𝑃

𝑑𝑡
=
4𝜋2`2

𝐼𝑐3
× (𝑘0 + 𝑘1 sin2 𝛼), (1)

where ` is the magnetic moment of the star and 𝛼 is the angle
between its spin and magnetic axes – the magnetic angle or the
magnetic obliquity of the star. Pulsar spin-down law in this form was
initially established by Spitkovsky (2006) from ad hoc numerical
simulations of a NS magnetosphere. The remaining parameters in
this equation are NS moment of inertia 𝐼 and speed of light 𝑐. After,
Philippov et al. (2014) have estimated that dimensionless 𝑘0 ≈ 1.0
and 𝑘1 ≈ 1.4 for a pulsar with typical parameters.
The Equation (1) is assumed to be valid for any moment within

the pulsar lifetime even if `, 𝛼 and 𝐼 are not constant. Moreover,
at least two of these parameters are expected to be variable for real
pulsars. Thus, the magnetic field should suffer slow decay because
of the Ohmic dissipation of electric currents within the star crust
(e.g. Igoshev et al. 2021). At the same time, the same numerical
calculations led to Eq. (1) have shown that ¤𝛼 < 0 (Philippov et al.
2014). In other words, the magnetic moment of an isolated pulsar
must become aligned with its spin axis on evolutionary timescale
𝑃/ ¤𝑃. At the same time, the moment of inertia is unlikely to suffer any
long-term evolution, but it changes slightly during glitches – sudden
tiny jumps in pulsar rotational velocity (e.g.Haskell&Melatos 2015).
The term in parentheses in (1) describes how exactly the NS spins

★ E-mail: ant.biryukov@gmail.com

down depending on the instant orientation of its magnetosphere.
Specifically, a nearly orthogonal pulsar (with 𝛼 close to 90 deg) is
expected to lose its rotational energy for 𝑘0 + 𝑘1 ≈ 2.4 times faster
than a nearly aligned one with the same 𝑃, ` and 𝐼.
In this Letter, we describe an observational test for this prediction.

This test is based on comparing the apparent distributions of 𝑃 ¤𝑃 for
radio pulsars with known magnetic obliquity 𝛼. Since the reliable es-
timation of 𝛼 is difficult (e.g Rankin 1993a; Weltevrede & Johnston
2008; Malov & Nikitina 2011), we propose to analyze only pulsars
with either nearly aligned or nearly orthogonal magnetic moments.
We believe that both extreme states can be distinguished more con-
fidently in observations. Indeed, light curves of orthogonal rotators
are expected to have a narrow interpulse shifted for ∼ 180 deg from
the main one (e.g Weltevrede & Johnston 2008). On the other hand,
𝛼 ∼ 0 deg will produce remarkably wide pulses in their light curves
(e.g Rankin 1993a,b). Polarization properties of pulsars’ radio emis-
sion are also meaningful for attribution them as either ‘aligned’ or
‘orthogonal’ (Radhakrishnan & Cooke 1969).
To perform our analysis, we have compiled a list of 77 pulsars

whose magnetic obliquity can be found in the literature and investi-
gated if their 𝑃 and ¤𝑃 are agree with the spin-down law (1).
Below, in Sect. 2, we describe this subset of pulsars, in Sect. 3 we

provide the main results of the analysis, Sect. 4 contains a short dis-
cussion about pulsar braking index value. Conclusions are collected
in Sect. 5.

2 KNOWN ALIGNED AND ORTHOGONAL PULSARS

The subset of pulsars we analyze in our work consists of 50 nearly
orthogonal and 27 nearly aligned rotators (see Table 1). Hereafter we
will mark all the quantities related to them by subscripts “⊥” and “‖”
respectively. The pulsars were attributed to one of two types mainly

© 2015 The Authors
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ABSTRACT

Hot Jupiters have been perceived as loners devoid of planetary companions in close orbital proximity. However, recent discoveries

based on space-borne precise photometry have revealed that at least some fraction of giant planets coexists with low-mass planets

in compact orbital architectures. We report detecting a 1.446-day transit-like signal in the photometric time series acquired with

the Transiting Exoplanet Survey Satellite (TESS) for the WASP-84 system, which is known to contain a hot Jupiter on a circular

8.5-day orbit. The planet was validated based on TESS photometry, and its signal was distilled in radial velocity measurements.

The joint analysis of photometric and Doppler data resulted in a multi-planetary model of the system. With a mass of 15"⊕,

radius of 2 '⊕, and orbital distance of 0.024 au, the new planet WASP-84 c was classified as a hot super-Earth with the equilibrium

temperature of 1300 K. A growing number of companions to hot Jupiters indicates that a non-negligible part of them must have

formed under a quiescent scenario such as disc migration or in-situ formation.

Key words: planets and satellites: detection – planets and satellites: terrestrial planets – planets and satellites: formation – stars:

individual: WASP-84 (BD+02 2056) – techniques: photometric – techniques: radial velocities

1 INTRODUCTION

The origins of giant planets on tight orbits, so-called hot Jupiters,

remain unclear. Three main pathways are proposed to explain the

formation of those planets: in situ formation, disc migration, and

high eccentricity tidal migration (see Dawson & Johnson 2018, for

a review). In the first scenario, a planet is formed via the rapid gas

accretion onto a super-Earth-type rocky core. In the remaining two

channels, giant planets are formed beyond the water frost line around

their host stars and migrate inward. In the disc migration scenario,

tidal interactions with dispersing remnants of a protoplanetary disc

drive in-spiralling of a planet. High eccentricity migration assumes a

planet is driven into a highly eccentric orbit by dynamical interactions

with massive companions, then tightened and circularised by tidal

interactions with its host star. In this violent scenario, low-mass

planets are destroyed, leaving hot Jupiters in seclusion, which is

supported by observations (e.g., Hord et al. 2021).

However, there is a slowly growing sample of systems with

hot Jupiters accompanied by nearby low-mass planets: WASP-47

(Becker et al. 2015), Kepler-730 (Zhu et al. 2018; Cañas et al. 2019),

TOI-1130 (Huang et al. 2020), WASP-132 (Hord et al. 2022), and

TOI-2000 (Sha et al. 2022). These compact planetary architectures

favour in situ formation or disc migration. Nelson et al. (2017) con-

cluded that up to 15% of hot Jupiters might have migrated in the

quiescent scenario. This finding could mean that many hot Jupiters’

companions remain undiscovered. Indeed, they are usually smaller

★ E-mail: gmac@umk.pl

than 4 '⊕, making them difficult to detect with current observational

techniques.

The WASP-84 system (Anderson et al. 2014) was identified to

have an orbital configuration likely shaped by disc migration

(Anderson et al. 2015). The host star BD+02 2056 is an active K0

dwarf of 10.6 magnitude in the Gaia � band. It is orbited by a 0.7

"Jup hot Jupiter within 8.5 days. The orbit was found to be circular

within a 2f level and well aligned with the sky-projected orbital

obliquity of _ = −0.3±1.7◦ and the true obliquity of q = 17.3±7.7◦

(Anderson et al. 2015). Based on single-sector photometry from the

Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2014),

Łoboda (2022) reported on a tentative detection of a shallow 1.446-

day transit-like signal as part of a project aimed at searching for

low-mass planetary companions of hot Jupiters on distant and circu-

lar orbits (Maciejewski et al., in preparation).

In this letter, we present the discovery of a transiting super-Earth

planet interior to WASP-84 b.

2 SEARCH FOR A TRANSIT-LIKE SIGNAL

TESS observed WASP-84 (TIC 350293646) in Sector 34 (from UT

2021 January 14 to February 8) and 61 (from UT 2023 January 18

to February 12) within the Guest Investigator Programs G03106,

G03181, G03272, G03278, G05015, G05095, and G05112. We ex-

tracted photometric time series from the 11 × 11 pixel (3.′85× 3.′85)

wide frames acquired with the 2-minute cadence, downloaded from

the MAST data archive. They were processed with the Lightkurve

package (ver. 2.0.11, Lightkurve Collaboration et al. 2018). The in-

© 2023 The Authors
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ABSTRACT
Main Sequence Turn-off stars (MSTO) and subgiant stars are good tracers of galactic populations. We present a study of 41,034
MSTO and subgiant stars from the GALAH survey. Using a grid of stellar models that accounts for the variation of O abundances,
we determine their ages with a median age uncertainty of ∼9.4 per cent. Our analysis reveals that the ages of high-O stars based
on O-enhanced models (OEMmodels) are smaller than those determined with 𝛼-enhanced models, resulting in a mean fractional
age difference of −5.3 per cent at [O/𝛼] = 0.2 and −11.0 per cent at [O/𝛼] = 0.4. This age difference significantly impacts the
age distribution of thick disc and halo stars, leading to a steeper downward trend in the [Fe/H]-age plane from 8 Gyr to 14 Gyr,
indicating a shorter formation time-scale and a faster chemical-enhanced history for these populations. We confirm the V-shape
of the normalized age–metallicity distribution 𝑝(𝜏 |[Fe/H]) of thin disc stars, which is presumably a consequence of the second
gas infall. Additionally, we find that the halo stars in our sample can be divided into two sequences, a metal-rich sequence (Splash
stars) and a metal-poor sequence (accreted stars), with the Splash stars predominantly older than 9 Gyr and the accreted halo
stars older than 10 Gyr. Finally, we observe two distinct sequences in the relations between various chemical abundances and
age for disc stars, namely a young sequence with ages < ∼8 Gyr and an old sequence with ages > ∼8 Gyr.

Key words: stars: fundamental parameters – Galaxy: disc – Galaxy: halo – Galaxy: evolution – Galaxy: formation – Galaxy:
abundances

1 INTRODUCTION

The formation and evolution history of the Milky Way is a major
challenge in modern astronomy. The Milky Way is typically divided
into three primary components, namely the disc, the bulge, and the
halo (Bland-Hawthorn & Gerhard 2016). The disc is further clas-
sified into a thin disc and a thick disc, which dominate at different
heights, and were originally identified based on the observation of
a break in the vertical density distribution of stars (Gilmore & Reid
1983). It is widely accepted that the thin and thick disc compo-
nents have different formation histories and timescales, and that stars
from each component exhibit distinct chemical, kinematic, and age
signatures (e.g., Adibekyan et al. 2012; Silva Aguirre et al. 2018).
Various nucleosynthetic production channels exist for different chem-
ical elements, including core-collapse supernovae (CCSNe), white
dwarf explosions in binary systems, and asymptotic giant branch
stars (Kobayashi et al. 2020). The combination of precise stellar age
and chemical abundance enables us to trace the chemical evolution

★ E-mail: cxz@zhejianglab.com
† E-mail: bisl@bnu.edu.cn

of the Milky Way and provides crucial observational constraints on
models of Galaxy formation.
However, estimating stellar ages is a challenging work, and recent

efforts have been made to derive more accurate age estimates (e.g.,
Nissen et al. 2017; Delgado Mena et al. 2019). Although asteroseis-
mology has achieved significant progress in obtaining precise stellar
ages (Silva Aguirre et al. 2018), the sample is largely limited to red
giants. The most commonly used method for obtaining stellar ages is
grid-based stellar evolution models, such as Y2 isochrones (Yi et al.
2001, 2003; Kim et al. 2002; Demarque et al. 2004), the Dartmouth
Stellar Evolution Database (Dotter et al. 2008), and Padova stellar
models (Girardi et al. 2000; Salasnich et al. 2000; Bressan et al.
2012). The chemical composition of heavy elements in these models
is a crucial factor that affects age estimation. In theoretical isochrones
for modelling metal-poor field stars, 𝛼-enhanced metal mixtures are
commonly employed. In such mixtures, the oxygen abundance is en-
riched to the same extent as all 𝛼-elements. Nevertheless, numerous
observations over the last two decades have indicated that the oxygen
enhancement could be significantly different from other 𝛼 elements
(Bensby et al. 2005; Reddy et al. 2006; Nissen et al. 2014; Bertran de
Lis et al. 2015; Amarsi et al. 2019). Given that oxygen constitutes a
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Abstract.
In radio astronomy, signals from radio telescopes are transformed

into images of observed celestial objects, or sources. However, these
images, called dirty images, contain real sources as well as artifacts
due to signal sparsity and other factors. Therefore, radio interfero-
metric image reconstruction is performed on dirty images, aiming to
produce clean images in which artifacts are reduced and real sources
are recovered. So far, existing methods have limited success on re-
covering faint sources, preserving detailed structures, and eliminat-
ing artifacts.

In this paper, we present VIC-DDPM, a Visibility and Image Con-
ditioned Denoising Diffusion Probabilistic Model. Our main idea is
to use both the original visibility data in the spectral domain and
dirty images in the spatial domain to guide the image generation
process with DDPM. This way, we can leverage DDPM to gener-
ate fine details and eliminate noise, while utilizing visibility data to
separate signals from noise and retaining spatial information in dirty
images. We have conducted experiments in comparison with both
traditional methods and recent deep learning based approaches. Our
results show that our method significantly improves the resulting im-
ages by reducing artifacts, preserving fine details, and recovering dim
sources. This advancement further facilitates radio astronomical data
analysis tasks on celestial phenomena.

1 Introduction
Radio interferometers, or radio telescopes, receive radio waves from
astronomical sources and produce interferometric measurement data,
called visibility. These visibility data are in the spectral domain, and
can be sampled and converted through inverse Fourier transforms
into images for subsequent analysis. However, due to data sparsity
and other factors, the result images are often dominated by artifacts
[23]. As such, these dirty images must be reconstructed before they
can be used in scientific analysis. Figure 1 illustrates the workflow
of imaging and reconstruction. In this paper, we propose an image
reconstruction method, aiming to effectively recover real sources and
eliminate artifacts in dirty images.

Reconstruction of interferometric images is a challenging prob-
lem. Its effectiveness heavily depends on suitable priors to select
from a vast array of potentially valid images in an infinite so-
lution space [33]. For example, the classic CLEAN method [14]

∗ Corresponding Author.

uses human knowledge as priors and assumes that the sky is com-
posed of point-like sources [7]. As real celestial objects can be ei-
ther point or extended sources, this assumption limits the quality
of reconstructed images [33]. Therefore, recent deep-learning based
approaches [18, 19, 33, 23] learn data-driven priors from training
datasets. These methods successfully predict general structures of
main objects in observation areas, but they still struggle in recovering
faint sources, preserving details, and eliminating artifacts.

Visibility

Dirty Image Clean Image

Imaging Reconstruction

Figure 1. Imaging and Reconstruction

To perform high-quality radio interferometry reconstruction, we
propose VIC-DDPM, a Visibility and Image Conditioned Denoising
Diffusion Probabilistic Model (DDPM). We adopt a DDPM [13, 26]
because it can generate images with fine details. We use both the
original visibility data in the spectral domain and dirty images in the
spatial domain to guide the clean image generation with DDPM. This
way, our model can leverage the complementary strengths of both do-
mains: Visibility data offers frequency information where noise can
be effectively separated from signals [3], aiding in identifying arti-
facts; dirty images provide spatial information, helping recover dim
sources and object structures. Consequently, our model removes ar-
tifacts as well as restores fine details, including details in main struc-
tures and surrounding dim sources. To the best of our knowledge,
VIC-DDPM is the first work that adapts diffusion models to radio
interferometric image reconstruction.

Our main contributions are as follows:

• We present a DDPM based generative model with two condition-
ing mechanisms for radio interferometric image reconstruction.

• We show that data-driven priors in interferometric datasets can be
effectively learned by incorporating both visibility and image data.

We have conducted experiments to evaluate VIC-DDPM in com-
parison with both popular traditional methods and a few recent state-
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ABSTRACT
A planetary embryo embedded in a gaseous disc can grow by pebble accretion while subjected to a gravitational force from the
disc that changes its orbital elements. Usually, that force is considered to arise from the Lindblad and corotation resonances with
the embryo. However, more important contributions exist for low-mass planets. Radiative thermal diffusion in the vicinity of
embryos yields an additional contribution to the disc’s force that damps the eccentricity and inclination much more vigorously
than the resonant interaction with the disc, and that in general induces fast inward migration. In addition, the irradiation of
the disc by a hot embryo gives rise to an additional contribution that excites eccentricity and inclination, and induces outward
migration. Which of the two contributions dominates depends on the embryo’s luminosity. We assess the importance of these
contributions (termed thermal forces) on the dynamics and growth of a set of pebble-accreting embryos initially of Martian
mass, by means of N-body simulations that include analytic expressions for the disc’s force. We find very different outcomes
for the embryos subjected to thermal forces and those subjected only to resonant forces. Importantly, we find that the median
final mass of the embryos subjected to thermal forces is nearly independent of the metallicity, whereas this mass roughly scales
with the metallicity when they are subjected only to resonant forces. These results can be explained by the strong damping of
eccentricity and inclination at low metallicity, which enhances the embryos’ accretion efficiency.

Key words: planets and satellites: formation – planets and satellites: dynamical evolution and stability – planet-disc interactions
– protoplanetary discs – methods: numerical

1 INTRODUCTION

Planetary systems are formed in the discs of gas and dust that sur-
round newly formed stars. Dust settles toward themidplane of the disc
and sticks together to form larger objects (mm-cm particles) known
as pebbles (Weidenschilling 1977; Güttler et al. 2010; Zsom et al.
2010; Blum 2018). The accretion sequence extends by directly form-
ing kilometre-sized planetesimals through hydrodynamic processes
(e.g., the streaming instability) that concentrate solids into dense fila-
ments that undergo gravitational collapse (Youdin&Goodman 2005;
Johansen et al. 2007). These planetesimals remain embedded within
a population of pebbles that did not participate in the collapse.
The formation of larger objects, called planetary embryos, occurs

through two processes that can act simultaneously. One of these pro-
cesses, the collisions of pairwise planetesimals, occurs first through
runaway growth (Greenberg et al. 1978; Wetherill & Stewart 1993;
Kokubo & Ida 2000) followed by slower oligarchic growth (Kokubo
& Ida 2000; Chambers 2006). The other process, pebble accretion,
happens through the aerodynamically enhanced capture of pebbles
(Ormel & Klahr 2010; Lambrechts & Johansen 2012; Levison et al.
2015; Ormel 2017). Through these processes, embryos grow in mass

★ E-mail: soniac@icf.unam.mx

and lead to the assembly of the terrestrial planets and the formation
of giant planets’ cores.

As a planet grows, it alters the gas structure in the disc. Its gravi-
tational potential excites perturbations at its Lindblad and corotation
resonances. The net disturbance arising from the former takes the
form of a spiral wake (Ogilvie & Lubow 2002; Bae & Zhu 2018) and
yields a contribution to the torque named the Lindblad torque (Ward
1986; Tanaka et al. 2002). Likewise, the disturbance at corotation res-
onances gives rise to the corotation torque (Goldreich & Tremaine
1979; Ward 1992). These resonant torques cause the embryo’s ra-
dial migration (Tanaka et al. 2002; Baruteau et al. 2014), which is
generally directed inwards, and are responsible for the damping of
its eccentricity and inclination (Artymowicz 1993, 1994; Tanaka &
Ward 2004; Muto et al. 2011).

Another type of interaction with the disc, thermal forces, has been
the focus of recent research. Thermal forces can arise from the diffu-
sion of heat in the planet’s vicinity (Lega et al. 2014) or from the re-
lease of heat by the planet into the surrounding gas (Benítez-Llambay
et al. 2015). Growing planets are indeed heated by the release of po-
tential energy during differentiation processes and accretion impacts
(Elkins-Tanton 2012; Chao et al. 2021). As a consequence of their
surface’s heating, planetary embryos have an effective luminosity
that acts as a local heat source that perturbs the surrounding gas.
The perturbation of density due to the release of energy, or radiative

© 2023 The Authors
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ABSTRACT

Stochastic temporal wandering of the spin frequency a of a rotation-powered pulsar (i.e. the achromatic component of timing
noise unrelated to interstellar propagation) affects the accuracy with which the secular braking torque can be measured.
Observational studies confirm that pulsars with anomalous braking indices |𝑛| = |a ¥a/ ¤a2 | � 1 exhibit elevated levels of
timing noise, where an overdot symbolizes a derivative with respect to time. Here it is shown, through analytic calculations
and Monte Carlo simulations involving synthetic data and modern Bayesian timing techniques, that the variance 〈𝑛2〉 of
the measured 𝑛 scales with the square of the timing noise amplitude 𝜎¥a . The anomalous regime 〈𝑛2〉 � 1 corresponds to
𝜎2¥a � 10−60 (𝛾 ¥a/10−6 s−1)2 ( ¤a/10−14 Hz s−1)4 (a/1Hz)−2 (𝑇obs/108 s) Hz2s−5, where 𝛾 ¥a is a stellar damping time-scale, and 𝑇obs
is the total observing time. When the inequality in the above condition is reversed, 𝑛 is dominated by the secular braking torque,
and timing measurements return 𝑛 ∼ 3, if the secular braking torque is electromagnetic. The variance 〈𝑛2〉 is greater, when the
stochastic process driving spin fluctuations differs from the red noise model (e.g. power-law spectral density) assumed in the
timing solution.

Key words: methods: data analysis – pulsars: general – stars: rotation

1 INTRODUCTION

The long-term evolution of the braking torque acting on a rotation-
powered pulsar offers insights into the physics of the pulsar’s magne-
tosphere and interior (Blandford & Romani 1988). It can be studied
through phase-coherent timing experiments by measuring the brak-
ing index,

𝑛 =
a ¥a
¤a2
, (1)

through measuring pulse arrival times, where a(𝑡) is the pulse fre-
quency, and an overdot denotes a derivative with respect to time 𝑡. In
the special case where the braking torque is proportional to a power
of a, viz. ¤a = 𝐾a𝑛pl with 𝐾 constant, measurements of pulse arrival
times yield 𝑛 = 𝑛pl in the absence of stochastic fluctuations in a(𝑡)
of intrinsic or instrumental origin. Physical examples of power-law
braking include vacuum magnetic dipole radiation (𝑛pl = 3) (Gunn
&Ostriker 1969), vacuum electromagnetic radiation for higher-order
multipoles with or without general relativistic corrections (𝑛pl > 3)
(Pétri 2015, 2017), an extended corotating dipole magnetosphere
(2 . 𝑛pl ≤ 3) (Melatos 1997) or its multipolar off-centred general-
ization (Pétri 2015, 2016), mass quadrupole gravitational radiation

★ E-mail: afvargas@student.unimelb.edu.au

(𝑛pl = 5) (Thorne 1980), gravitational radiation from r-mode instabil-
ities (𝑛pl = 7) (Papaloizou & Pringle 1978; Andersson 1998; Owen
et al. 1998), and the hydromagnetic torque exerted by an approx-
imately force-free electron-position magnetosphere and relativistic
wind (2 . 𝑛pl ≤ 3) (Goldreich 1970; Contopoulos & Spitkovsky
2006; Bucciantini et al. 2006; Kou & Tong 2015). 1 Phase-coherent
timing experiments on pulsars that do not involve major corrections
for rotational glitches typically return 2 . 𝑛 ≤ 3, consistent with a
braking torque of electromagnetic origin (Livingstone et al. 2007;
Livingstone & Kaspi 2011), although there are close exceptions such
as PSR J1640−4631 (𝑛 = 3.15 ± 0.03) (Archibald et al. 2016). An
electromagnetic braking torque is also indicated in some glitching
pulsars with high-cadence timing data, e.g. PSR J0534+2200 and
PSR J0835−4510, where it is possible to correct for post-glitch re-
coveries with high accuracy (Lyne et al. 1996; Fuentes et al. 2017;
Akbal et al. 2021).

A number of rotation-powered pulsars exist, whose measured brak-
ing indices are termed ‘anomalous’, because |𝑛| greatly exceeds
the standard electromagnetic value, with 3 � |𝑛| . 106 typi-

1 It is claimed sometimes that a relativistic wind obeys 𝑛pl = 1. This value
applies to the split-monopole geometry (Michel & Tucker 1969), a theoretical
approximation which cannot be realized physically. A realistic wind launched
from a dipole magnetosphere obeys 2 . 𝑛pl ≤ 3 (Blandford & Romani 1988;
Arons 1992; Bucciantini et al. 2006; Zhang et al. 2022).

© 2022 The Authors
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Evolution of Cosmological Parameters and Fundamental Constants in a Flat Quintessence

Cosmology: A Dynamical Alternative to ΛCDM
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1 Abstract

The primary purpose of this work is the provision of accurate, analytic, evolutionary tem-

plates for cosmological parameters and fundamental constants in a dynamical cosmology.

A flat quintessence cosmology with a dark energy potential that has the mathematical form

of the Higgs potential is the specific cosmology and potential addressed in this work. These

templates, based on the physics of the cosmology and potential are intended to replace the

parameterizations currently used to determine the likelihoods of dynamical cosmologies.

Acknowledging that, unlike ΛCDM, the evolutions are dependent on both the specific cos-

mology and the dark energy potential the templates are referred to as Specific Cosmology

and Potential, SCP, templates. The requirements set for the SCP templates are that they

must be accurate, analytic functions of an observable such as the scale factor or redshift.

This is achieved through the utilization of a modified beta function formalism that is based

on a physically motivated dark energy potential to calculate the beta function. The method-

ology developed here is designed to be adaptable to other cosmologies and dark energy

potentials. The SCP templates are essential tools in determining the relative likelihoods of

a range of dynamical cosmologies and potentials. An ultimate purpose is the determination

whether dark energy is dynamical or static in a quantitative manner. It is suggested that

the SCP templates calculated in this work can serve as fiducial dynamical templates in the

same manner as ΛCDM serves for static dark energy.

Keywords:

Cosmological Parameters ; Fundamental Constants; Quintessence

2 Introduction

This manuscript examines the evolutions in the late time, matter and dark energy domi-

nated, epoch between the scale factors of 0.1 and 1.0 for a flat quintessence cosmology.

This epoch is the primary focus of the upcoming Rubin and Roman observatories obser-

vations. The study does not consider radiation but only matter and dark energy and is

therefore only relevant to late epochs not under the influence of radiation. The farthest

look back time considered here is at a scale factor of 0.1 where radiation has no measur-

able effect.

Some preliminary aspects of areas covered in this publication are discussed in Thompson

(2022). This work, however, expands the study and is intended for both experts in the field

and those who wish an introduction to calculations of the evolution of cosmological pa-

rameters and fundamental constants. The methodology presented here is particular to the

specific cosmology, quintessence, and the evolutionary templates it calculates are for a

1
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LISA
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ABSTRACT

We discuss the prospect of identifying a white dwarf binary merger by moni-
toring disappearance of its nearly monochromatic gravitational wave. For a ten-year
operation of the laser interferometer space antenna (LISA), the chance probability of
observing such an event is roughly estimated to be 20%. By simply using short-term
coherent signal integrations, we might determine the merger time with an accuracy
of ∼ 3-10 days. Also considering its expected sky localizability ∼ 0.1-0.01deg2, LISA
might make an interesting contribution to the multi-messenger study on a merger
event.

Key words: gravitational waves — binaries: close

1 INTRODUCTION

LISA is expected to detect ∼ 104 white dwarf binaries
(WDBs) in our Galaxy as nearly monochromatic gravita-
tional wave (GW) sources (Hils, Bender, & Webbink 1990;
Nelemans et al. 2001; Nissanke et al. 2012; Breivik et al.
2018; Lamberts et al. 2019; Amaro-Seoane et al. 2022).
Their GW frequencies slightly change due to the radia-
tion reaction, and the majority of them are considered to
merge eventually. Given the estimated Galactic merger rate
R ∼ 0.02yr−1 (see e.g., Nelemans et al. 2001), we might
actually have a merger event with a chance probability of
∼ 0.2(T/10yr), during LISA’s operation period T .

A WDB merger in our Galaxy will be an intriguing ob-
servational target for multi-messenger astronomy (see e.g.,
Schwab 2018 and also Shen et al. 2012; Dan et al. 2014)
and can help our understanding of white dwarfs (potentially
including their explosion process). As an omni-directional
GW detector free from interstellar extinction, LISA can pro-
vide us with critical information (e.g. sky locations, orbital
phases) for follow-up electromagnetic (EM) searches (e.g.,
Korol et al. 2017). Therefore, in this paper, we discuss iden-
tification of a WDB merger in LISA’s data.

From various estimations (Amaro-Seoane et al. 2022
and references therein), the majority of merging WDBs are
likely to have total masses less than 1M�. In the connection
to type Ia supernovae, one might be interested in WDBs
with the total masses larger than the Chandrasekhar mass.
However, their merger rate is estimated to be ∼ 5− 7 times
smaller than the total rate quoted above (Nelemans et al.
2001, see also Maoz, Hallakoun, & Badenes 2018).

According to recent numerical simulations with a care-

ful treatment for the initial conditions (Dan et al. 2011 see
also Benz et al. 1990; Rasio & Shapiro 1992; D’Souza et
al. 2006; Lorén-Aguilar, Isern, & Garćıa-Berro 2009; Raskin
et al. 2012; Pakmor et al. 2013), a typical merging WDB
will continue to emit nearly monochromatic GW, until just
before the donor star is tidally disrupted and the system
virtually turns off GW emission. On the basis of this over-
all GW emission pattern, we examine a forceful approach
for the identification of a WDB merger by repeatedly check-
ing the resultant disappearance of its nearly monochromatic
GW. We pay an attention to the estimation of the merger
time, which will be important for EM observations.

This paper is organized as follows. In §2, we briefly de-
scribe the evolution of a merging WDB and the associated
GW emission. In §3, we discuss LISA’s observation for the
GW signal, including estimation of the merger time with
matched filtering analysis. In §4, we discuss related topics
such as the cases with other space interferometers. §5 is de-
voted to a short summary.

2 EVOLUTION OF A MERGING WDB

2.1 Nearly Monochromatic Waves

As an approximation to a detached WDB emitting a nearly
monochromatic GW, we briefly discuss a circular binary
composed by two point masses m1 and m2 (m1 6 m2). Us-
ing the Kepler’s law, we can write down the wave frequency

f = π−1G1/2(m1 +m2)1/2a−3/2 (1)

with the orbital separation a and the gravitational constant
G. At the quadrupole order, the angular averaged strain

© 0000 RAS
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ABSTRACT

High-resolution imaging of galaxies in rest-frame UV has revealed the existence of giant star-forming

clumps prevalent in high redshift galaxies. Studying these sub-structures provides important informa-

tion about their formation and evolution and informs theoretical galaxy evolution models. We present

a new method to identify clumps in galaxies’ high-resolution rest-frame UV images. Using imaging
data from CANDELS and UVCANDELS, we identify star-forming clumps in an HST/F160W≤ 25 AB

mag sample of 6767 galaxies at 0.5 ≤ z ≤ 3 in four fields, GOODS-N, GOODS-S, EGS, and COSMOS.

We use a low-pass band filter in Fourier space to reconstruct the background image of a galaxy and

detect small-scale features (clumps) on the background-subtracted image. Clumpy galaxies are defined

as those having at least one off-center clump that contributes a minimum of 10% of the galaxy’s total

rest-frame UV flux. We measure the fraction of clumpy galaxies (fclumpy) as a function of stellar mass,

redshift, and galaxy environment. Our results indicate that fclumpy increases with redshift, reaching

∼ 65% at z ∼ 1.5. We also find that fclumpy in low-mass galaxies (9.5 ≤ log(M∗/M�) ≤ 10) is 10%

higher compared to that of their high-mass counterparts (log(M∗/M�) > 10.5). Moreover, we find no

evidence of significant environmental dependence of fclumpy for galaxies at the redshift range of this

study. Our results suggest that the fragmentation of gas clouds under violent disk instability remains
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ABSTRACT

We study the four-dimensional relationships between magnetic activity, rotation, mass and age for

solar-type stars in the age range 5− 25 Myr. This is the late-pre-main sequence (l-PMS) evolutionary

phase when rapid changes in star’s interior may lead to the changes in magnetic dynamo mechanisms.

We carefully derive rotational periods and spot sizes for 471 members of several l-PMS open clusters

using photometric light curves from the Zwicky Transient Facility. Magnetic activity was measured

in our previous Chandra-based study, and additional rotational data were obtained from other work.

Several results emerge. Mass-dependent evolution of rotation through the l-PMS phase agrees with

astrophysical models of stellar angular momentum changes, although the data point to a subpopulation

of stars with slower initial rotations than commonly assumed. There is a hint of the onset of unsaturated

tachoclinal dependency of X-ray activity on rotation, as reported by Argiroffi et al. (2016), but this

result is not confidently confirmed. Both X-ray luminosity and star spot area decrease approximately as

t−1 for solar mass stars suggesting that spot magnetic fields are roughly constant and l-PMS stars follow

the universal solar-scaling law between the X-ray luminosity and surface magnetic flux. Assuming

convective dynamos are dominant, theoretical magnetic fluxes fail to reveal the universal law for l-PMS

stars that enter late Henyey tracks. Altogether we emerge with a few lines of evidence suggesting that

the transition from the turbulent to solar-type dynamo occurs at the later stages of l-PMS evolution

as stars approach the Zero-Age Main Sequence.

Keywords: Pre-main sequence stars (1290) — Stellar rotation (1629) — Single x-ray stars (1461) —

X-ray stars (1823) —- Protoplanetary disks (1300) — Stellar magnetic fields (1610)

1. INTRODUCTION

For main sequence solar-type stars, the relationships

between stellar magnetic activity, rotation and age has

been studied for decades (Skumanich 1972) and their

origins are well-understood (Schrijver & Zwaan 2000).

Stars have a complicated rotational history during their

early stages of evolution (Bouvier 2007) but, once set-

tled on the zero-age main sequence (ZAMS), they un-

Corresponding author: Konstantin Getman

kug1@psu.edu

dergo a slow, sometimes punctuated spin-down due to

the torque of a magnetized wind. This leads to a slow

weakening of their stellar activity: X-ray flares, ultra-

violet emission, chromospheric spectroscopic indicators,

and other manifestations of magnetic fields generated in

a αΩ tachoclinal dynamo. An example of this behavior

is the relation between X-ray emission and Rossby num-

ber showing saturated and unsaturated dynamo regimes

for > 40 Myr old stars in main sequence open clusters

(Wright et al. 2011a).

Skumanich-type relationships are not present during

the pre-main sequence (PMS) phase. No relationship
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Abstract. Cosmology and astrophysics provide various ways to study the properties of dark
matter even if they have negligible non-gravitational interactions with the Standard Model
particles and remain hidden. We study a type of hidden dark matter model in which the
dark matter is completely decoupled from the Standard Model sector except gravitationally,
and consists of a single species with a conserved comoving particle number. This category
of hidden dark matter includes models that act as warm dark matter but is more general.
In particular, in addition to having an independent temperature from the Standard Model
sector, it includes cases in which dark matter is in its own thermal equilibrium or is free-
streaming, obeys fermionic or bosonic statistics, and processes a chemical potential that
controls the particle occupation number. While the usual parameterization using the free-
streaming scale or the particle mass no longer applies, we show that all cases can be well
approximated by a set of functions parameterized by only one parameter as long as the
chemical potential is nonpositive: the characteristic scale factor at the time of the relativistic-
to-nonrelativistic transition. We study the constraints from Big Bang Nucleosynthesis, the
cosmic microwave background, the Lyman-α forest, and the smallest halo mass. We show
that the most significant phenomenological impact is the suppression of the small-scale matter
power spectrum – a typical feature when the dark matter has a velocity dispersion or pressure
at early times. So far, small dark matter halos provide the strongest constraint, limiting the
transition scale factor to be no larger than ∼ 1.4 × 10−4 times the scale factor at matter-
radiation equality.

1Corresponding author.
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Modelling supernova nebular lines in 3D with ExTraSS
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ABSTRACT
We present ExTraSS (EXplosive TRAnsient Spectral Simulator), a newly developed code aimed at generating 3D spectra for
supernovae in the nebular phase by using modern multi-dimensional explosion models as input. It is well established that
supernovae are asymmetric by nature, and that the morphology is encoded in the line profiles during the nebular phase, months
after the explosion. In this work, we use ExTraSS to study one such simulation of a 3.3𝑀� He-core explosion (𝑀ejecta = 1.3𝑀�,
𝐸kin = 1.05×1051 erg) modelled with the Prometheus-HotB code and evolved to the homologous phase. Our code calculates the
energy deposition from the radioactive decay of 56Ni→ 56Co→ 56Fe and uses this to determine the Non-Local-Thermodynamic-
Equilibrium temperature, excitation and ionization structure across the nebula. From the physical condition solutions we generate
the emissivities to construct spectra depending on viewing angles. Our results show large variations in the line profiles with
viewing angles, as diagnosed by the first three moments of the line profiles; shifts, widths, and skewness. We compare line
profiles from different elements, and study the morphology of line-of-sight slices that determine the flux at each part of a line
profile. We find that excitation conditions can sometimes make the momentum vector of the ejecta emitting in the excited states
significantly different from that of the bulk of the ejecta of the respective element, thus giving blueshifted lines for bulk receding
material, and vice versa. We compare the 3.3 𝑀� He-core model to observations of the Type Ib supernova SN 2007Y.

Key words: supernovae: general – stars: evolution – stars: massive – line: profiles – methods: numerical

1 INTRODUCTION

Core-collapse supernovae (CCSNe) are the final step in the evolu-
tion of massive stars (𝑀ZAMS & 8M� , Heger et al. 2003). These
explosions leave behind a central compact object (either a black hole
or a neutron star), while expelling the rest of the star, enriching the
cosmos in elements produced both during hydrostatic and explosive
burning (Arnett 1996; Woosley et al. 2002). The expanding debris is
radioactively powered and transitions from an initial optically thick
diffusion phase to a later more optically thin ("nebular") phase in
which emission lines can be seen and decoded to infer the structure
of the supernova.
Multiple lines of observational evidence indicate that SNe are

strongly asymmetric by nature. Nearby spatially resolved supernova
remnants show complex structures with plumes, knots and filaments
(e.g. Hughes et al. 2000; Fesen et al. 2006; Larsson et al. 2013). Emis-
sion line profiles often show deviations from symmetry (Filippenko
& Sargent 1989). Observed high kick velocities of neutron stars also
indicate asymmetric explosion dynamics (Arzoumanian et al. 2002;
Hobbs et al. 2005), as do results from spectropolarimetry (Tanaka
et al. 2012; Reilly et al. 2016; Tinyanont et al. 2021).
The explosion itself may give energy deposition and shock ex-

pansion stronger in certain directions than others. In the case of
neutrino-driven explosions, for example, the neutrino energy deposi-
tion triggers Rayleigh-Taylor instability in the neutrino-heated post-

★ E-mail: barteld.vbaal@astro.su.se

shock layer and the initially stalled supernova shock is also subject
to nonradial deformation modes (see e.g. Herant & Woosley 1994;
Burrows et al. 1995; Janka&Müller 1996; Blondin et al. 2003; Buras
et al. 2006; Blondin&Mezzacappa 2007; Takiwaki et al. 2014; Lentz
et al. 2015; Melson et al. 2015a,b; Janka et al. 2016; Roberts et al.
2016; Wongwathanarat et al. 2017; Ott et al. 2018; Vartanyan et al.
2019;Müller 2020). In addition to this, Rayleigh-Taylor unstable con-
ditions are created as the shock passes certain shell interfaces on its
way out (Chevalier 1976; Shigeyama et al. 1990; Müller et al. 1991b;
Hachisu et al. 1991; Nomoto et al. 1995; Kifonidis et al. 2006). The
growth of these secondary Rayleigh-Taylor instabilities is seeded and
boosted by the initial explosion asymmetries (as discussed in detail
in Kifonidis et al. 2003, 2006; Hammer et al. 2010; Wongwatha-
narat et al. 2015). These two effects combine to produce complex
3D structures. Interaction with an asymmetric stellar environment
(e.g. collision with a disk/CSM or a binary companion), may also
introduce further asymmetries in some supernovae.
With steady improvements in the computational modelling of both

the explosion and subsequent instabilities, there are now realistic 3D
models available which model the ejecta for & 1 day (e.g. Wong-
wathanarat et al. 2015, 2017; Müller et al. 2018; Stockinger et al.
2020; Gabler et al. 2021), and efforts to produce observables from
these to compare to observations are underway (Alp et al. 2019;
Müller & Varma 2020; Jerkstrand et al. 2020; Fields & Couch 2021;
Gabler et al. 2021; Orlando et al. 2021; Kozyreva et al. 2022).
A focus on inferring the multi-dimensional structure of SNe from

nebular-phase line profiles began in earnest with the Type Ic-BL

© 2023 The Authors
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Map-based studies on how the CMB shadow degrades tensor-to-scalar ratio measurements and how

to mitigate it
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ABSTRACT

It has been pointed out that the spurious Cosmic Microwave Background (CMB) B-mode polariza-

tion signals caused by the absorption of the CMB monopole component due to the Galactic interstellar

matter, called the CMB shadow, degrade the accuracy of detecting the CMB B-mode polarization sig-

nals imprinted by primordial gravitational waves. We have made a realistic estimation using simulated

sky maps of how the CMB shadow affects forthcoming high-precision CMB B-mode experiments for

the first time. The Delta-map method, an internal template method taking into account the first-order

spatial variation of foregrounds’ spectral parameters, is applied as a foreground removal method. We

show that if the CMB shadow effects are not taken into account in the foreground removal process,

future observations would lead to the false detection of the CMB B-mode polarization signals origi-

nating from primordial gravitational waves. We also show that the effect of the CMB shadow can be

mitigated by our revised Delta-map method to target the CMB B-mode polarization signals at the

level of tensor-to-scalar ratio r = 0.001.

Keywords: dust, extinction — cosmic microwave background — cosmology: observations

1. INTRODUCTION

One of the current hot topics of modern observational cosmology is observational confirmation of the inflation theory

(Guth (1981), Sato (1981)) by detecting the Cosmic Microwave Background (CMB) B-mode polarization signals (e.g.,

Simons Array (Arnold et al. 2014), Simons Observatory (Ade et al. 2019), LiteBIRD (Hazumi et al. 2020), BICEP3

(Ade et al. 2022), CMB-S4 (Abazajian et al. 2022)) generated by primordial gravitational waves (Zaldarriaga & Seljak

(1997), Seljak & Zaldarriaga (1997)). The signals have not been detected yet. The current upper limit of tensor-to-

scalar ratio r is r < 0.032 at 95% CL (Tristram et al. 2022). The next generations of the CMB polarization experiments

target the sensitivity to r ∼ 0.001 (e.g., Simons Observatory (Ade et al. 2019), LiteBIRD (Hazumi et al. 2020), BICEP3

(Ade et al. 2022), CMB-S4 (Abazajian et al. 2022)). Polarized emissions originating from celestial objects, especially

the Galactic synchrotron emission and thermal emission from the Galactic interstellar dust, are the main obstacles

to realizing such highly sensitive measurements (e.g., Ichiki (2014)). Many efforts have been paid to improve the

foreground removal accuracy (e.g., Delabrouille et al. (2003), Eriksen et al. (2008), Delabrouille, J. et al. (2009),

Remazeilles et al. (2011), Ferná ndez-Cobos et al. (2012)). Nashimoto et al. (2020) pointed out that the spurious CMB

polarization signals generated by absorption of the CMB monopole component by the interstellar medium, called the

CMB shadow, has a non-negligible effect on detecting the CMB B-mode polarization signals at the level of r ∼ 0.001.

Their analysis was limited to an order of magnitude estimation using typical values of parameters describing the CMB

and foreground components. Therefore, a quantitative evaluation of how the CMB shadow degrades the foreground

removal accuracy based on realistic map-based analysis is mandatory. Furthermore, proposing a method to mitigate
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On a discontinuity at the base of the transition layer located

between the Keplerian accretion disk and the compact object
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ABSTRACT

Context. We study the geometry of the transition layer (TL) between the classical Keplerian accretion disk (the TL outer boundary)
and the compact object at the TL inner boundary.
Aims. Our goal is to demonstrate using the hydrodynamical formalism that the TL is created along with a shock due to a discontinuity
and to an adjustment of the Keplerian disk motion to a central object.
Methods. We apply hydrodynamical equations to describe a plasma motion near a central object in the TL.
Results. We point out that before matter accretes to a central object the TL cloud is formed between an adjustment radius and the TL
inner boundary which is probably a site where the emergent Compton spectrum comes from. Using a generalization of the Randkine-
Hugoniot relation and a solution of the azimutal force balance equation we have reproduced the geometric characteristics of TL.

Key words. accretion, accretion disks–radiation mechanisms: general– black hole physics–neutron stars–white dwarfs

1. Introduction

Accretion onto compact objects as white dwarf (WD), neutron
star (NS), and black hole (BH) binaries are very similar. The
accreting matter with relatively large angular momentum can
form a disk or go to outflow (see Titarchuk et al. (2007) and
Shaposhnikov & Titarchuk (2009), hereafter TSA07, ST09, re-
spectively). On the other hand, the plasma with low angular mo-
mentum proceeds towards the compact object almost in a free-
fall manner until the centrifugal force becomes strong to halt the
flow (see, e.g., (Chakrabarti & Titarchuk 1995), hereafter CT95)
Thus, we can suggest that three definitive regions a (Keplerian)
disk, the shock, and a transition layer (TL) between the last sta-
ble orbit near WD, NS or BH and the shock, which are probably
a place where the emergent X-ray spectrum is formed. In this
paper, we study the characteristics of this adjustment of the Ke-
plerian disk flow to an WD, an NS or an BH.

The disk starts to deviate from a Keplerian motion at a
certain radius to adapt itself to the boundary conditions at
WD or NS surface (or at the last stable orbit, at r1 = 3rS,
where rS is the Schwarzchild radius, in the case of a BH).
Titarchuk et al. (1998) (hereafter TLM98) explained the mil-
lisecond variability detected by Rossi X-Ray Timing Explorer
(RXTE) in the X-ray emission from a number of low-mass X-
ray binary systems (XRBs). Later, Seifina & Titarchuk (2010),
Farinelli & Titarchuk (2011), and so on analyzed X-ray data
from Sco X-1, 4U 1728−34, 4U 1608−522, 4U 1636−536, 4U
0614−091, 4U 1735−44, 4U 1820−30, GX 5−1) in terms of dy-
namics of the centrifugal barrier, in a hot boundary region (the
TL) surrounding a neutron star (NS). They demonstrated that
this region may experience relaxation oscillations and that the
displacements of a gas element both in radial and vertical direc-

tions occur at the same main frequency, of an order of the local
Keplerian frequency.

Observations of black hole X-ray binaries and active galac-
tic nuclei indicate that the accretion flows around black holes
are composed of hot and cold gas, which have been theoretically
described in terms of a hot corona next to an optically thick rel-
atively cold disk. Liu & Qiao (2022) (hereafter LQ22) reviews
the accretion flows around black holes, with an emphasis on the
physics that determines the configuration of hot and cold ac-
creting gas, and how the configuration varies with the accretion
rate and thereby produces various luminosity and spectra. They
provide references to the famous solutions of the standard disk
model such as, for example, Shakura & Sunyaev (1973) (here-
after SS73). The most successful applications of this model are
the steady state and time-dependent nature of thin disks in dwarf
novae and soft X-ray transients. Application of the four accretion
models to black holes presented by LQ22 is constrained by both
the theoretical assumption of specific models and observational
luminosity and spectrum.

The soft photons from the innermost part of the disk are
scattered off the hot electrons thus forming the Comptonized X-
ray spectrum [see Sunyaev & Titarchuk (1980), hereafter ST80].
The electron temperature is regulated by the supply of soft pho-
tons from a disk, which depends on the ratio of the energy re-
lease (accretion rate) in a disk and the energy release in the TL.
For example, the electron temperature is higher for lower accre-
tion rates (see, e.g., CT95), while for a high accretion rate (of
an order of the Eddington one) the TL is cooled down very effi-
ciently due to the soft photon flux and the Comptonization. This
is a possible mechanism for the low-frequency QPOs (quasi-
periodic oscillations), discovered by RXTE in a number of
low-mass X-ray binary systems (LMXBs; see Strohmayer et al.
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11Observatoire de Genève, Université de Genève, 51 Chemin de Pégase, 1290 Versoix, Switzerland
12Carnegie Observatories, 813 Santa Barbara Street, Pasadena, CA 91101, USA

13Cahill Center for Astronomy and Astrophysics, California Institute of Technology, MS 249-17, Pasadena, CA 91125, USA
14NSF’s National Optical-Infrared Astronomy Research Laboratory, 950 N Cherry Ave., Tucson, AZ 86719, USA

ABSTRACT

We present 20,567 Lyα emitters (LAEs) at z = 2.2 − 7.3 that are photometrically identified by the

SILVERRUSH program in a large survey area up to 25 deg2 with deep images of five broadband filters

(grizy) and seven narrowband filters targeting Lyα lines at z = 2.2, 3.3, 4.9, 5.7, 6.6, 7.0, and 7.3

taken by the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP) and the Cosmic HydrOgen

Reionization Unveiled with Subaru (CHORUS) survey. We select secure > 5σ sources showing narrow-

band color excesses via Lyα break screening, taking into account the spatial inhomogeneity of limiting

magnitudes. After removing spurious sources by careful masking and visual inspection of coadded and

multi-epoch images obtained over the seven years of the surveys, we construct LAE samples consisting

of 6,995, 4,642, 726, 6,124, 2,058, 18, and 5 LAEs at z = 2.2, 3.3, 4.9, 5.7, 6.6, 7.0, and 7.3, respectively,

although the z = 7.3 candidates are tentative. Our LAE catalogs contain 241 spectroscopically con-

firmed LAEs at the expected redshifts from previous work. We demonstrate that the number counts of

our LAEs are consistent with previous studies with similar LAE selection criteria. The LAE catalogs

will be made public on our project webpage with detailed descriptions of the content and ancillary

information about the masks and limiting magnitudes.

Keywords: Lyman-Alpha galaxies (978) — High-redshift galaxies (734) — Galaxy evolution (594) —

Galaxy formation (595)

1. INTRODUCTION

Corresponding author: Satoshi Kikuta

kikuta.astro@gmail.com

Recent deep optical imaging observations for high-

redshift galaxies step into the new regime in survey pa-

rameter space. One of the most significant advance-

ments is the survey area that exceeds ∼ 10 deg2, as

achieved by the 8m-Subaru Hyper Suprime-Cam (HSC)

survey (Aihara et al. 2018a) and the Dark Energy Sur-
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Neutron star kicks and implications for their rotation at birth
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ABSTRACT

Neutron stars are born out of core-collapse supernovae, and they are imparted natal kicks at birth
as a consequence of asymmetric ejection of matter and possibly neutrinos. Unless the force resulting
from the kicks is exerted exactly at their center, it will also cause the neutron star to rotate. In this
paper, we discuss the possibility that neutron stars may receive off-center natal kicks at birth, which
imprint a natal rotation. In this scenario, the observed pulsar spin and transverse velocity in the
Galaxy are expected to correlate. We develop a model of the natal rotation imparted to neutron stars
and constrain it by the observed population of pulsars in our Galaxy. At 90% confidence, we find
that the location of the off-center kick is Rkick = 1.12+4.79

−0.97 km. Our result is robust when considering
pulsars with different observed periods, transverse velocities, and ages. Our constraint can be used as
a guide for core-collapse simulations of massive stars.

1. INTRODUCTION

Since the discovery of the first pulsar (Hewish et al.
1968), the number of known neutron stars has grown
to more than three thousands, including a rich ensem-
ble of binary and millisecond pulsars (Manchester et al.
2005)1. The study of pulsars combines a wide range of
physical processes, which shed light on the fundamen-
tal laws of nature and the structure of our Galaxy (e.g.,
Lorimer & Kramer 2004; Lorimer et al. 2019). Tim-
ing of pulsars in binary systems has not only allowed
exquisite tests of strong gravity, but has also given in-
sights into the equation of state that describes them and
the nature of the binary systems they inhabit (e.g., Hulse
& Taylor 1975; Thompson & Duncan 1993; Thorsett &
Chakrabarty 1999; Lyne et al. 2004; Kramer et al. 2006;
Antoniadis et al. 2013; Cromartie et al. 2020).

Neutron stars form as a result of the core collapse
of stars with initial masses approximately in the range
[8 − 20]M� (for a review see Woosley et al. 2002).
The associated supernova explosions eject asymmetri-
cally matter (and possibly neutrinos) at velocities of up
to ∼ 104 km s−1 (e.g., Janka 2012; Müller 2020, for a
review). Therefore, conservation of momentum implies
that neutron stars are imparted a significant natal kicks,
as observed for pulsars in our Milky Way. The natal
kick velocities imparted to neutron stars play a key role
in a number of physical processes, from their retention
in globular clusters to the evolution of binaries, includ-

Corresponding author: Giacomo Fragione

giacomo.fragione@northwestern.edu

1 https://www.atnf.csiro.au/research/pulsar/psrcat/

ing X-ray binaries and gravitational wave sources (e.g.,
Bhattacharya & van den Heuvel 1991; Brandt & Pod-
siadlowski 1995; Jonker & Nelemans 2004; Fryer et al.
2012; Tauris et al. 2017; Ye et al. 2020; Fragione et al.
2021).

Over the last twenty years, a number of studies have
inferred the distribution of natal kicks imparted to neu-
tron stars at birth from the increasingly large and accu-
rately measured sample of observed single pulsar veloc-
ities (e.g., Hobbs et al. 2005; Arzoumanian et al. 2002;
Kapil et al. 2023). Despite the various mean veloci-
ties predicted by different studies, a common conclusion
has been that neutron stars are typically imparted natal
kicks of the order of several hundreds km s−1.

The specific physical process that kicks the neutron
star at birth is still highly debated (e.g., Fryer &
Kusenko 2006; Ott et al. 2006; Igoshev & Popov 2013;
Ma & Fuller 2019; Coleman & Burrows 2022; Janka et al.
2022). Unless its force is exerted exactly at their cen-
ter, any kick mechanism will also cause the neutron star
to rotate, as originally suggested by Spruit & Phinney
(1998) on purely theoretical grounds.

The idea that natal kicks could imprint a spin at birth
has been explored only in a few cases. For example, Farr
et al. (2011) considered this scenario to explain the spin
tilts in the double pulsar PSR J0737-3039. However, a
study of the role of off-center kicks in neutron stars at
birth has never been performed at a population level.
In this paper, we consider for the first time the possibil-
ity that natal kicks can impart a natal rotation to neu-
tron stars, and constrain it using current observations
on Galactic pulsars.

This paper is organized as follows. In Section 2, we
discuss how natal kicks can impart a natal rotation to
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Close Encounters of the Interstellar Kind: Exploring the Presence of
Interstellar Objects in Near Earth Orbit
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ABSTRACT
Recent observations and detections of interstellar objects (ISOs) passing through the solar system have sparked a wave of interest
into these objects. Although rare, these ISOs can be captured into bound orbits around the Sun. In this study, we investigate the
novel idea of capture of ISOs into near-Earth orbits and find that a steady population of ISOs exists among the current population
of Near Earth Objects (NEOs). Using numerical simulations, we find that the capture of ISOs into near-Earth orbits is dominated
by Jupiter which is 104× more efficient in capturing ISOs. Captures are more likely to occur for objects with high eccentricities
and low inclinations. We also investigate the stability of captured ISOs and find that they are generally unstable and survive
shorter than known NEOs with a half-life time of ≈ 0.05Myr and are ejected from the solar system due to interactions with other
planets or the Sun. Our results have important implications for understanding the population of interstellar objects in the solar
system and possible future detection. We find that about 1 − 2 50 − 70 m sized captured ISOs among NEOs would be detectable
by LSST over its lifetime. By detecting and studying captured interstellar objects, we can learn about the properties and origins
of such objects, and the formation and evolution of exoplanetary systems and even our solar system.

Key words: celestial mechanics – asteroids: general – minor planets, asteroids: individual: 1I/‘Oumuamua

1 INTRODUCTION

The discovery and identification of interstellar objects (ISOs)
1I/’Oumuamua (e.g., Meech et al. 2017; Micheli et al. 2018) and
2I/Borisov (e.g., Jewitt & Luu 2019) recently has led to a flurry of
interest in the origins and dynamics of these objects. Siraj & Loeb
(2022b,c) also reported the discovery of two apparent interstellar me-
teoroids CNEOS 2014-01-08 (IM1) and CNEOS 2017-03-09 (IM2)
which produced fireballs that were detected by satellites. IM1 was
later confirmed to be of interstellar origin by U.S. Department of
Defense (Siraj & Loeb 2022b). Several hypotheses have been put
forward to explain the dynamical origins of such objects. For exam-
ple, Portegies Zwart et al. (2018); Portegies Zwart (2021) and Torres
et al. (2019) considered the possibility of interstellar interlopers as
objects that had been ejected from the debris disk due to encounters
with other stars in the birth cluster of the star. Moro-Martín (2018,
2019) also considered the possibility that such objects originated in
young protoplanetary disks or were a part of an exocometary cloud.
Hands et al. (2019) explored the exchange of these objects between
different stellar systems in an open cluster environment. Ćuk (2018)
found that the origins of such objects were better explained as a tidal
disruption fragment from a binary star system. It is, therefore, imper-
ative to study ISOs as they can open up avenues for understanding
origin and dynamics of objects beyond the solar system (e.g., Selig-
man & Laughlin 2020; Hoang & Loeb 2020; Siraj & Loeb 2022a;
Bergner & Seligman 2023; Hoang & Loeb 2023).

★ E-mail: diptajym@andrew.cmu.edu (DM)

Although ISOs are rare, their discovery suggests that they could
be captured by planetary systems. The capture of interstellar objects
by the solar system has been studied for a long time (e.g., Valtonen &
Innanen 1982; Torbett 1986). Most studies have explored the cross-
section of capture of the Sun-Jupiter system and captures as a result
of close encounters with the giant planets (e.g., Siraj & Loeb 2019;
Hands & Dehnen 2020; Napier et al. 2021a; Dehnen & Hands 2022;
Dehnen et al. 2022). Jupiter is expected to dominate the capture
cross section and the rate of capture in the present day solar system is
expected to be low due assuming that the hyperbolic excess velocity
of the ISOs is similar to the field star velocity distribution (e.g.,
Napier et al. 2021a; Dehnen et al. 2022). However, the capture of
ISOs would be easier when the Sun was still residing in its birth
cluster given the low velocity dispersion of field stars in the birth
cluster.
The question of whether any captured ISOs reside in the solar

system currently is of major interest and is a matter of investiga-
tion. Morbidelli et al. (2020) report that no known planetesimals of
interstellar origin currently reside in the solar system. Napier et al.
(2021b) simulated a suite of 270k synthetic captured objects and
found that most captured objects were not able to raise their perihe-
lion efficiently leading to repeated scatterings with the giant planets
which make them unbound over time. Only 3 out of 270k objects
simulated survived for a duration of 1 Gyr. Therefore, to constrain
any useful information about any possible population of interstellar
objects in the current solar system, more simulations are required.
Due to the larger number density of smaller interstellar objects,

we would except smaller captured ISOs to outnumber any larger

© 2015 The Authors
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Wind-Reprocessed Transients from Stellar-mass Black Hole Tidal
Disruption Events
Kyle Kremer ,1,2★† Brenna Mockler ,2 Anthony L. Piro 2 and James C. Lombardi, Jr. 3

1 TAPIR, California Institute of Technology, Pasadena, CA 91125, USA
2The Observatories of the Carnegie Institution for Science, Pasadena, CA 91101, USA
3Department of Physics, Allegheny College, Meadville, Pennsylvania 16335, USA

17 May 2023

ABSTRACT
Tidal disruptions of stars by stellar-mass black holes are expected to occur frequently in dense star clusters. Building upon previous
studies that performed hydrodynamic simulations of these encounters, we explore the formation and long-term evolution of the
thick, super-Eddington accretion disks formed. We build a disk model that includes fallback of material from the tidal disruption,
accretion onto the black hole, and disk mass losses through winds launched in association with the super-Eddington flow. We
demonstrate that bright transients are expected when radiation from the central engine powered by accretion onto the black hole
is reprocessed at large radii by the optically-thick disk wind. By combining hydrodynamic simulations of these disruption events
with our disk+wind model, we compute light curves of these wind-reprocessed transients for a wide range of stellar masses and
encounter penetration depths. We find typical peak bolometric luminosities of roughly 1041 − 1044 erg/s (depending mostly on
accretion physics parameters) and temperatures of roughly 105 − 106 K, suggesting peak emission in the ultraviolet/blue bands.
We predict all-sky surveys such as the Vera Rubin Observatory and ULTRASAT will detect up to thousands of these events per
year in dense star clusters out to distances of several Gpc.

Key words: transients: tidal disruption events – stars: black holes – globular clusters: general – hydrodynamics – accretion discs

1 INTRODUCTION

The presence of stellar-mass black hole populations in dense star
clusters has gained considerable interest in recent years. For a cluster
with 𝑁 stars following a standard initial stellar mass function (e.g.,
Kroupa 2001), it is nearly certain that a subset of sufficiently massive
stars will collapse into black holes on timescales . 50Myr. Less
certain are the prospects for retaining these black holes throughout the
subsequent evolution of the host cluster, and specifically to the present
day. Natal kicks (e.g., Repetto et al. 2012), gravitational dynamics
(e.g., Spitzer 1969), and recoil kicks associated with gravitational-
wave-driven mergers (e.g., Lousto et al. 2010; Gerosa & Kesden
2016) all act to eject stellar-mass black holes from their host cluster.
Indeed, for clusters comparable to or lower in mass relative to the
Milky Way globular clusters (𝑀cl . 106 𝑀�), it was thought for
many years that the cumulative effect of these ejection mechanisms
would prevent the long-term retention (beyond a few Gyr) of all but
a handful of black holes (e.g., Kulkarni et al. 1993).
However, in the past decade observational evidence of stellar-

mass black hole binaries in a number of Milky Way globular clus-
ters through both dynamical measurements (e.g., Giesers et al. 2018,
2019) andX-ray/radiomeasurements (e.g., Strader et al. 2012;Miller-
Jones et al. 2015) have demonstrated at least some globular clusters
can retain their black holes to the present day. These observations
have been complemented by state-of-the-art 𝑁-body simulations
(e.g., Morscher et al. 2015; Wang et al. 2016; Arca Sedda et al.
2018; Kremer et al. 2020a) which demonstrate that (pending uncer-
tainties regarding cluster initial conditions; e.g., Portegies Zwart &
McMillan 2000; Kremer et al. 2019a), a significant number (tens to
hundreds) of black holes are expected to be retained to the present
day in most globular clusters (e.g., Weatherford et al. 2020).

★ E-mail: kkremer@caltech.edu
† NASA Einstein Fellow

The presence of these stellar-mass black holes in dense star clusters
leads naturally to a number of implications. For one, black holes can
dynamically exchange into binaries with stellar companions (e.g.,
Kremer et al. 2018). In addition to forming the aforementioned in-
cluster sources, these black hole-star binaries can also be dynamically
ejected from their host cluster (e.g., Giesler et al. 2018), potentially
providing a formation mechanism for the growing number of de-
tached black hole binaries observed in the Galactic field by Gaia
(e.g., El-Badry et al. 2023), whose formation is difficult to explain
through standard isolated binary evolution scenarios. Secondly, black
holes in clusters naturally pair up with other black holes eventually
leading to binary black holemergers (e.g., Portegies Zwart &McMil-
lan 2000; Rodriguez et al. 2016) plausibly similar to those detected
by LIGO/Virgo as gravitational wave sources (e.g., Abbott et al.
2016, 2021). Recent studies suggest a potentially large fraction of
the LIGO black hole mergers may have originated in dense stellar
clusters (e.g., Kremer et al. 2020b; Rodriguez et al. 2021; Zevin et al.
2021; Wong et al. 2021).
A third implication of the presence of black holes in stellar clusters

is the occurrence of tidal disruption events (TDEs) where a black hole
passes sufficiently close to a star (via a single–single encounter or
during a resonant binary-mediated encounter; e.g., Fregeau et al.
2004) to strip the star’s outer layers or potentially disrupt the star
entirely. A number of recent studies (e.g., Perets et al. 2016; Kremer
et al. 2019b; Lopez et al. 2019; Wang et al. 2021; Kremer et al. 2022;
Ryu et al. 2022; Kıroğlu et al. 2022; Xin et al. 2023) have investigated
these stellar-mass TDEs (sometimes referred to as “micro-TDEs”).
These events may lead to bright electromagnetic transient events –
for example X-ray/gamma-ray transients (e.g., Perets et al. 2016)
or optical/UV transients associated with reprocessing by disk wind
outflows (e.g., Kremer et al. 2019b) plausibly similar to some of
the fast-evolving optical transients observed to date (e.g., Kremer
et al. 2021). Additionally, in the case of significant mass growth via
accretion, these TDEs may imprint themselves onto the underlying

© 2023 The Authors
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An Auto-Differentiable Likelihood Pipeline for the

Cross-Correlation of CMB and Large-Scale Structure due to the

Kinetic Sunyaev-Zeldovich Effect

Yurii Kvasiuk ∗ and Moritz Münchmeyer

Department of Physics, University of Wisconsin-Madison, Madison, WI 53706, USA

May 17, 2023

Abstract

We develop an optimization-based maximum likelihood approach to analyze the cross-correlation of
the Cosmic Microwave Background (CMB) and large-scale structure induced by the kinetic Sunyaev-
Zeldovich (kSZ) effect. Our main goal is to reconstruct the radial velocity field of the universe. While
the existing quadratic estimator (QE) is statistically optimal for current and near-term experiments, the
likelihood can extract more signal-to-noise in the future. Our likelihood formulation has further advan-
tages over the QE, such as the possibility of jointly fitting cosmological and astrophysical parameters and
the possibility of unifying several different kSZ analyses. We implement an auto-differentiable likelihood
pipeline in JAX, which is computationally tractable for a realistic survey size and resolution, and evaluate
it on the Agora simulation. We also implement a machine learning-based estimate of the electron density
given an observed galaxy distribution, which can increase the signal-to-noise for both the QE and the
likelihood method.

1 Introduction

The kinetic Sunyaev-Zeldovich (kSZ) effect is the dominant contribution to the total blackbody Cosmic
Microwave Background (CMB) anisotropies at small scales, overcoming CMB lensing around ` ' 4000. It
was predicted in the early 70s [1] and first detected with the Atacama Cosmology Telescope (ACT) in 2012 [2].
The kSZ effect is a Doppler shifting of CMB photons due to the Thompson scattering on free electrons on the
line of sight. The kSZ signal is both sensitive to bulk velocities as well as to galaxy and cluster astrophysics.
Measurements of the kSZ are able to constrain different dark energy models [3, 4, 5], neutrino masses [6, 7],
modified gravity [8, 9] and compensated isocurvature perturbations (CIP) [10]. Further, the kSZ signal can
be used to tightly constrain inflationary models that predict so-called local primordial non-Gaussianity fNL
[11, 12].

To use the kSZ signal for cosmological constraints, it needs to be combined with a tracer of the electron
density field, for example using a galaxy survey. By cross-correlating the temperature measurement from a
CMB experiment with the galaxy field from a large-scale structure survey, one can reconstruct the radial ve-
locity (or momentum) field vr on large scales [13]. One can then convert this measurement to a measurement
of the radial matter over-density using the continuity equation δm(k) ∼ k2vr(k), and obtain an extremely
low noise measurement of this field [14].

The canonical way to estimate vr from the kSZ effect is to construct an analytic quadratic estimator
(QE) in spherical harmonics or Fourier space [14, 15, 13, 16]. Studies of this method on simulations were
presented in [17, 18]. Prior to the QE approach, other kSZ estimators that are sensitive to the velocity field
were developed also in [19, 20, 21]. In the present work, we develop an alternative maximum likelihood
approach to kSZ velocity reconstruction. The possible estimators for kSZ velocity reconstruction are similar

∗Corresponding author. Email: kvasiuk@wisc.edu
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ABSTRACT
The full-shape correlations of the Lyman alpha (Ly𝛼) forest contain a wealth of cosmological information through the Alcock-
Paczyński effect. However, these measurements are challenging to model without robustly testing and verifying the theoretical
framework used for analyzing them. Here, we leverage the accuracy and volume of the 𝑁-body simulation suite AbacusSummit
to generate high-resolution Ly𝛼 skewers and quasi-stellar object (QSO) catalogs. One of the main goals of our mocks is to aid in
the full-shape Ly𝛼 analysis planned by the Dark Energy Spectroscopic Instrument (DESI) team.We provide optical depth skewers
for six of the fiducial cosmology base-resolution simulations (𝐿box = 2 ℎ−1Gpc, 𝑁 = 69123) at 𝑧 = 2.5. We adopt a simple recipe
based on the Fluctuating Gunn-Peterson Approximation (FGPA) for constructing these skewers from the matter density in an
𝑁-body simulation and calibrate it against the 1D and 3D Ly𝛼 power spectra extracted from the hydrodynamical simulation
IllustrisTNG (TNG; 𝐿box = 205 ℎ−1Mpc, 𝑁 = 25003). As an important application, we study the non-linear broadening of the
baryon acoustic oscillation (BAO) peak and show the cross-correlation between DESI-like QSOs and our Ly𝛼 forest skewers.
We find differences on small scales between the Kaiser approximation prediction and our mock measurements of the Ly𝛼×QSO
cross-correlation, which would be important to account for in upcoming analyses. The AbacusSummit Ly𝛼 forest mocks open
up the possibility for improved modelling of cross correlations between Ly𝛼 and cosmic microwave background (CMB) lensing
and Ly𝛼 and QSOs, and for forecasts of the 3-point Ly𝛼 correlation function. Our catalogues and skewers are publicly available
on Globus via the National Energy Research Scientific Computing Center (NERSC) (full link under Data Availability).

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION

Over the last few decades, we have gained an enormous amount of
knowledge about the expansion history of the Universe. With the

★ E-mail: boryanah@berkeley.edu

discovery of the accelerated expansion of the Universe via distance
measurements of Type Ia supernovae (Riess et al. 1998; Perlmutter
et al. 1999), an additional ingredient needed to be introduced into the
cosmological paradigm. This new component, dubbed “dark energy,”
took on the responsibility of explaining the mysterious repulsive
force these measurements were finding. A couple of decades later,

© 2015 The Authors
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Cold New Early Dark Energy pulls the trigger on the H0 and S8 tensions:

a simultaneous solution to both tensions without new ingredients
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2 Nordita, KTH Royal Institute of Technology and Stockholm University
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In this work, we show that the Cold New Early Dark Energy (Cold NEDE) model in

its original form can solve both the Hubble tension and the S8 tension without adding any

new ingredients at the fundamental level. So far, it was assumed that the trigger field

in the Cold NEDE model is completely subdominant. However, relaxing this assumption

and letting the trigger field contribute a mere 0.5% of the total energy density leads to

a resolution of the S8 tension while simultaneously improving it as a solution to the H0

tension. Fitting this model to baryonic acoustic oscillations, large-scale-structure, supernovae

(including a SH0ES prior), and cosmic microwave background data, we report a preferred

NEDE fraction of fNEDE = 0.134+0.032
−0.025 (68% C.L.), lifting its Gaussian evidence for the

first time above 5σ (up from 4σ when the trigger contribution to dark matter is negligible).

At the same time, we find the new concordance values H0 = 71.71 ± 0.88 km sec−1 Mpc−1

and S8 = 0.793 ± 0.018. Excluding large-scale structure data and the SH0ES prior, both

Gaussian tensions are reduced below the 2σ level.

PACS numbers: 98.80.Cq,98.80.-k,98.80.Es

a jcr@sdu.dk
b florian.niedermann@su.se
c sloth@sdu.dk
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First Impressions: Early-Time Classification of Supernovae using Host Galaxy Information and Shallow Learning
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Patrick D. Aleo 1, 2, 4

1Department of Astronomy, University of Illinois at Urbana-Champaign, 1002 W. Green St., IL 61801, USA
2National Center for Supercomputing Applications, Urbana, IL, 61801, USA

3Flatiron Institute Center for Computational Astrophysics, New York City, NY 10010, USA
4Center for Astrophysical Surveys, Urbana, IL, 61801, USA
5National Science Foundation Graduate Research Fellow

6McWilliams Center for Cosmology, Department of Physics, Carnegie Mellon University, Pittsburgh, PA, USA

ABSTRACT
Substantial effort has been devoted to the characterization of transient phenomena from photometric infor-
mation. Automated approaches to this problem have taken advantage of complete phase-coverage of an event,
limiting their use for triggering rapid follow-up of ongoing phenomena. In this work, we introduce a neural
network with a single recurrent layer designed explicitly for early photometric classification of supernovae. Our
algorithm leverages transfer learning to account for model misspecification, host galaxy photometry to solve the
data scarcity problem soon after discovery, and a custom weighted loss to prioritize accurate early classification.
We first train our algorithm using state-of-the-art transient and host galaxy simulations, then adapt its weights
and validate it on the spectroscopically-confirmed SNe Ia, SNe II, and SNe Ib/c from the Zwicky Transient
Facility Bright Transient Survey. On observed data, our method achieves an overall accuracy of 82 ± 2% within
3 days of an event’s discovery, and an accuracy of 87 ± 5% within 30 days of discovery. At both early and
late phases, our method achieves comparable or superior results to the leading classification algorithms with a
simpler network architecture. These results help pave the way for rapid photometric and spectroscopic follow-up
of scientifically-valuable transients discovered in massive synoptic surveys.

Keywords: supernovae(1668), light curve classification(1954), neural networks(1933)

1. INTRODUCTION
Decades of spectroscopic insights have motivated the con-
struction of a hierarchical classification taxonomy for the
death knells of stars as supernovae (SNe; Filippenko 1997;
Gal-Yam 2017). At its core are the four most commonly-
observed classes: Type-Ia (SNe Ia); Type-II (SNe II); and
Type-Ib and Type-Ic (collectively SNe Ib/c). SNe Ia, sign-
posts for the thermonuclear detonations of carbon-oxygen
white dwarfs, are defined by the early presence of strong Si II
features. SNe II, the explosions of young, massive stars (with
a Zero-Age-Main-Sequence mass of 𝑀ZAMS > 8 𝑀�) fol-
lowing core collapse, are events whose spectra exhibit strong
hydrogen lines with P-Cygni profiles. The less-common
SNe Ib/c (comprising, together with the transitional SNe IIb,
∼30% of all core-collapse events; Shivvers et al. 2017) ex-
hibit spectra devoid of both hydrogen and Si II features; these
events result from the core-collapse of young stars that have
undergone envelope stripping.

Corresponding author: Alex Gagliano
gaglian2@illinois.edu

Despite together comprising the vast majority of observed
terminal explosions, SNe Ia, II, and Ib/c remain poorly un-
derstood in both their detonation mechanisms and the physics
driving their observed diversity (Laplace et al. 2021). SNe Ia
are likely triggered by either the runaway burning of an ac-
creting white dwarf pushed beyond the Chandrasekhar limit
by a close-inmassive companion (with significant uncertainty
surrounding the nature of the companion; see Hachisu et al.
1999), or the merger of two white dwarfs (Pakmor et al.
2012). Significant heterogeneity exists among SNe II in both
their photometric evolution (Arcavi et al. 2012) and spectro-
scopic characterization (Taddia et al. 2013) that has yet to be
connected definitively to the nature or pre-explosion behav-
ior of their progenitors. Stripped-envelope SN (SN Ib/c/IIb)
progenitors likely arise preferentially in binaries with some
degree of mass transfer (Podsiadlowski et al. 1992), although
some are believed to lose their envelopes in isolation through
eruptive mass-loss and metallicity-driven stellar winds (Kun-
carayakti et al. 2018). Further, observations have been unable
to clarify whether SNe Ib, whose spectra contain clear helium
signatures, and SNe Ic, whose spectra lack them, arise from
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